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Centre and the National Cancer Institute at Frederick, both in the United States of 

America. The involvement of such institutions recalls the importance of this study in 

trying to unravel mechanisms underlying the development and/or progression of this 

treatable but incurable disease. 

This thesis is divided in six chapters which contain results already published or 

under final preparation for submission to peer reviewed scientific journals of the area, 

according to point 1 of Artigo 41 from Capítulo V of Regulamento de Estudos Pós-

Graduados da Universidade de Lisboa, published in Diário da República, 2ª Série - Nº 

209 de 30 de Outubro de 2006. In this context, I hereby state that all the experiments, 

results and interpretation contained here are original and performed by myself with the 

collaboration of others where mentioned. 

The Chapter I corresponds to the General Introduction, where several aspects 

of the CF’s pathology are approached, since its recognition as an independent disease to 

the several CF-causing mutations and the phenotype evidenced by the patients. The 

contribution of several others molecular determinants other than the CFTR alone and 

the role of Proteomics in these achievements is also described. 
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Experimental design, methodologies, results and interpretation are provided in 

chapters II to V, each one dedicated to a different type of biological sample. 

Chapter II devotes it to the proteomics characterization of human serum by 

complementary approaches and integration of the identified species into networks and 

pathways with biological significance in the context of CF. 

Chapter III describes the characterization of the CF-associated proteome of 

mRBC and aims to interpreter previous phenomena reported in these cells of CF 

patients by the study of altered abundances levels of some relevant proteins. 

 Chapter IV provides a wide molecular portrait of proteins being expressed in 

the nasal epithelial cells ultimately demonstrating the usefulness of this easily 

collectable biological sample in mimicking lungs’ microenvironment and its application 

to the study of respiratory diseases. 

 Chapter V makes use of the deep proteome profiling of nasal epithelial cells 

and establish correlations and consequences for the impaired respiratory function 

observed in CF patients. 

 Finally, a General Discussion is presented in Chapter VI were the main 

conclusions and remarks are pointed hoping to unveil new perspectives on CF while 

open novel questions to be answered by Proteomics. 

  

Keywords: Cystic Fibrosis; Proteomics; Pulmonary Function; Bioinformatics; 

Functional Characterization; Pathway Analysis. 
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RESUMO DA TESE  

A Fibrose Quística (FQ) é a doença monogénica autossómica recessiva mais 

frequente e letal na população caucasiana, com uma incidência de 1 em cada 2500-3200 

recém-nascidos sendo que 1 em cada 25-30 indivíduos apresentam pelo menos uma 

mutação no gene responsável pela patologia. Esta doença é causada por mutações no 

gene Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) que codifica para 

uma proteína com o mesmo nome e cuja principal função é servir de canal de cloreto 

regulado pelo cAMP (do Inglês, cyclic Adenosine Monophosphate) e cujos ciclos de 

abertura e fecho dependem do ATP (do Inglês, Adenosine Triphosphate) na membrana 

apical das células epiteliais. Actualmente, conhecem-se mais de 1800 mutações no gene 

da CFTR mas a delecção de um resíduo de fenilalanina na posição 508 da cadeia 

polipéptídica (F508del; ∆F508) constitui cerca de 70% dos cromossomas FQ analisados 

e está presente em cerca de 90% dos doentes de FQ, originando um produto com 

problemas ao nível da maturação e, consequentemente, disfuncional. Defeitos na 

síntese, estrutura, processamento e/ou função da CFTR ditam uma multiplicidade de 

sintomas observados nestes doentes: elevadas concentrações de cloreto e sódio no suor, 

insuficiência pancreática, disfunção intestinal e hepática, infertilidade e obstrução das 

vias respiratórias por um muco espesso e desidratado, criando as condições propícias ao 

desenvolvimento de infecções respiratórias crónicas e um estado de inflamação 

constante. De facto, a maior parte dos doentes FQ vê a sua qualidade de vida 

significativamente diminuída pela deterioração progressiva da função pulmonar que, em 

última instância, conduz à morte. Vários estudos têm sido efectuados no sentido de 

estabelecer uma relação entre o genótipo apresentado pelos doentes FQ e as 

manifestações clínicas da doença, tarefa dificultada pela heterogeneidade de mutações e 

sintomas apresentados pelos doentes bem como pela influência que o ambiente e outros 

factores celulares (denominados de genes modificadores da FQ) exercem. Dessa forma, 

importa conhecer que entidades celulares são estas cuja expressão e função poderão 

influenciar o desenvolvimento e/ou progressão da FQ, podendo mesmo constituir alvos 

terapêuticos da doença. Uns dos candidatos óbvios a este lugar são as proteínas. O seu 

estudo através das várias metodologias disponibilizadas pela Proteómica tem permitido 

um grande avanço na caracterização e conhecimento dos mecanismos envolvidos no 

processamento da CFTR; importa agora conhecer e investigar todo o ambiente proteico 

que contribui para o desenvolvimento e progressão da patologia. 
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O trabalho apresentado nesta tese surge como uma continuação da investigação 

que tem vindo a ser desenvolvida no Laboratório de Proteómica do Departamento de 

Genética do Instituto Nacional de Saúde Dr. Ricardo Jorge que se iniciou com o estudo 

dos mecanismos envolvidos no processamento e maturação da CFTR em linhas 

celulares, seguindo depois para um modelo animal tentando identificar proteínas 

diferencialmente expressas em pulmão e sua relevância para o desenvolvimento da 

doença pulmonar até ao estudo de amostras biológicas humanas no sentido de melhor 

caracterizar e compreender outras proteínas que não apenas a CFTR cujas alterações nos 

seus níveis de expressão poderão contribuir para a elucidação dos mecanismos da 

patologia. Neste trabalho, foram analisados soro, membranas de eritrócitos e células do 

epitélio nasal de doentes de FQ em comparação com indivíduos saudáveis portadores ou 

não de uma mutação no gene CFTR, através de várias metodologias tecnológicas da 

Proteómica. 

Os objectivos foram atingidos com recurso a tecnologias existentes no 

Laboratório de Proteómica em Lisboa, como por exemplo a separação de proteínas por 

2-DE (do Inglês, Two-Dimensional Electrophoresis) e sua identificação por MS (do 

Inglês, Mass Spectrometry), mais propriamente por MALDI-TOF/TOF (do Inglês, 

Matrix-Assisted Laser Desorption/Ionization-tandem Time of Flight) em colaboração 

com outros laboratórios nos EUA (Clinical Proteomics Facility, University of 

Pittsburgh Medical Centre, Pennsylvania e Laboratory of Proteomics and Analytical 

Technologies, National Cancer Institute at Frederick, Maryland) que nos permitiram 

fazer uso de tecnologias de ponta tanto na separação robusta como na identificação 

confiante de proteínas por MudPIT (do Inglês, Multidimension Protein Identification 

Technology). 

 

No capítulo II, são apresentadas e discutidas as funções de proteínas 

diferencialmente expressas que poderão ter implicações para a doença no soro dos 

vários grupos de indivíduos estudados. A razão deste estudo prende-se com o elevado 

potencial do soro para a identificação de biomarcadores por conter um elevado número 

de proteínas provenientes de todos os órgãos do organismo, ser de fácil colheita e 

constituir uma amostra biológica por excelência para a implementação de testes 

clínicos. A inovação deste estudo centra-se na utilização de técnicas complementares de 

separação e identificação de proteínas, nomeadamente 2-DE-MALDI-TOF/TOF MS e 
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MudPIT. Por 2-DE foram identificadas 28 proteínas únicas a partir de 78 spots de gel 

enquanto que por LC-MS/MS o número de proteínas identificadas aumentou para 569. 

A utilização de diversas ferramentas bioinformáticas permitiu ainda alocar estas 

proteínas a processos com significância biológica e cuja regulação tem sido amplamente 

descrita em FQ: remodelação dos tecidos, desequilíbrio na razão 

proteases/antiproteases, inflamação, estado nutricional e stresse oxidativo ou disfunção 

imune, entre outros. A estratégia aplicada demonstrou ser eficiente na elucidação de 

processos e no conhecimento mais alargado de proteínas activamente implicadas na 

patogénese da FQ que é corroborado por diversos estudos já publicados. 

 

Para além de estudar a componente líquida do sangue, pretendeu-se também 

estudar parte da sua componente sólida, as membranas de eritrócitos, uma vez que 

estudos têm sugerido o papel destas células no desenvolvimento de hipertensão 

pulmonar em FQ, embora de uma forma pouco clara. A presença da CFTR nos 

eritrócitos tem sido demonstrada por alguns autores através da modulação da sua 

actividade e/ou por métodos imunológicos. Os nossos dados confirmam a presença da 

CFTR na membrana dos eritrócitos e constituem, portanto, o primeiro estudo que 

reporta a sua identificação por MS nestas células. Contudo, esta identificação só foi 

possível em eritrócitos de doentes homozigóticos para a ∆F, provavelmente por haver 

maior acumulação desta proteína misfolded pelo controlo de qualidade da célula. O 

estudo da caracterização do proteoma presente nas membranas dos eritrócitos de 

doentes FQ revelou um número de proteínas diferencialmente expressas associadas a 

processos que poderão estar na base do desenvolvimento da hipertensão pulmonar 

nestes doentes: desregulação e desequilíbrio na manutenção da forma e deformabilidade 

dos eritrócitos, com consequências ao nível da incapacidade de libertação de ATP e 

produção do vasodilatador pulmonar óxido nítrico (NO), e aumento do seu stresse 

oxidativo com implicações no aumento da susceptibilidade para a peroxidação lipídica 

das membranas e redução das defesas contra agressões externas, podendo levar, em 

última instância, à deterioração da função pulmonar nestes doentes. O conjunto de 

resultados aqui obtidos permite oferecer um conhecimento mais consubstanciado sobre 

processos já elucidados mas cujos cujas proteínas associadas estavam ainda 

caracterizadas. 
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Sendo o pulmão o principal órgão afectado na FQ, torna-se claro que a amostra 

biológica desejável para a condução de estudos para descoberta de biomarcadores será 

uma biopsia deste tecido. No entanto, e por diversas razões entre as quais se destacam 

as éticas e as clínicas, o acesso a este tipo de amostras é muito restrito em doentes e/ou 

mesmo impossível quando se trata de indivíduos controlos. Várias amostras como 

lavado nasal e brônquico ou expectoração têm sido usadas com este objectivo, não 

representando contudo as características celulares do tecido uma vez que constituem 

fluidos segregados. A utilização das células do epitélio nasal obtidas por escovagem da 

cavidade nasal tem sido considerada um bom modelo biológico por mimetizar as 

condições das vias respiratórias inferiores e cuja colheita é deveras mais fácil. Dado que 

o proteoma do epitélio nasal humano estava ainda pouco caracterizado, no Capitulo IV é 

apresentado um estudo proteómico exaustivo das proteínas que o constituem. Através da 

aplicação de metodologias de pré-fraccionamento celular para extracção de proteínas 

solúveis e membranares, combinadas com análise de larga escala através de MudPIT, 

foram identificadas mais de 7000 proteínas das quais 1482 foram consideradas com 

confiança como características e representativas do epitélio nasal. Comparações de 

resultados com diversas bases de dados permitiram a identificação de várias funções 

associadas à manutenção e função de um epitélio estruturado, na percepção e resposta a 

agressões externas, assim como uma significativa sobreposição entre proteínas 

identificadas no epitélio brônquico e neste epitélio nasal e sua correlação com diversas 

doenças respiratórias, entre as quais cancro do pulmão, síndroma respiratório agudo 

grave, pneumonite, asma e mesmo FQ. A conjugação das várias observações apoia a 

hipótese que o epitélio nasal reflecte certos aspectos das vias respiratórias inferiores e 

contribui significativamente para o incremento de conhecimento do fenótipo do epitélio 

respiratório, permitindo análises comparativas em condições patológicas como a FQ. 

 

A informação resultante da caracterização do proteoma das células do epitélio 

nasal serviu como base para identificação de proteínas diferencialmente expressas como 

consequência de FQ, apresentada no Capítulo V. A identificação de processos 

relacionados com a remodelação dos tecidos, o stresse oxidativo e a inflamação foram 

identificados neste epitélio como associados a FQ. Também foram evidenciados a 

disfunção mitocondrial e desregulação nos mecanismos de produção energética, 

metabolismo da glucose ou degradação da matriz extracelular, entre outros. A 
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identificação de proteínas diferencialmente expressas e que interactuam com a CFTR e 

a identificação/participação de proteínas conhecidas como modificadoras da FQ reveste-

se também de fulcral importância para patogénese pulmonar da FQ. 

 

Em suma, os resultados obtidos nas várias amostras biológicas de doentes FQ 

estudas, por diferentes abordagens proteómicas, permitiram obter conhecimentos únicos 

que consideramos de base sólida para uma melhor compreensão da patologia FQ e 

possibilitar o desenho de estudos posteriores e dedicados a proteínas/funções elucidadas 

com o objectivo de validação de alguns potenciais biomarcadores de 

diagnóstico/prognóstico/monitorização e/ou alvos terapêuticos específicos que 

permitam distinguir a FQ de outras doenças respiratórias.  
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1. A Timeline for Cystic Fibrosis 

 

The history of Cystic Fibrosis (CF) could start with an “A long, long time 

ago…” since the first records of this disease go back to the 17
th

 century in German and 

Swiss folklore recognizing the association between salty skin and early death: “Woe to 

that child who tastes salty from a kiss on the brow, for he is cursed and soon must die” 

[1]. Also, several descriptions of infants and children with meconium ileus and typical 

CF’s pancreatic and pulmonary disease are reported since 1650. In the 19
th

 century, Karl 

Landsteiner first described meconium ileus and Carl von Rokitansky associated it with 

foetal death in a CF inborn [2]. It would take another century till CF was recognized as 

a distinct clinical entity by Guido Fanconi and Dorothy Hansine Anderson by first 

describing the characteristic “cystic fibrosis of the pancreas” characterized by mucous 

plugging of the glandular ducts of pancreas from children dying of malnutrition and 

correlating it with lung and intestinal disease representative of CF [3,4]. Moreover, she 

also hypothesized that CF was a recessive inherited disease and started the usage of 

pancreatic enzyme replacement to ameliorate the dysfunction of exocrine pancreas.  

Another designation for CF is mucoviscidosis, a term introduced by Farber in 

1945 and still in use in non-English-speaking countries to describe a “generalized state 

of thickened mucus” as consequence of CF [5]. In 1953, Paul Di Sant’Agnese 

discovered abnormalities in sweat electrolytes in CF patients during an unusual heat 

wave in New York, reporting elevated levels of Cl
-
 and Na

+
 [6], fact that was on the 

basis of the development of an accurate and affordable diagnostic method that is still the 

most common CF diagnostic tool [7]. This was further demonstrated by Knowles and 

colleagues who described imbalanced transport of Cl
-
 and Na

+
 in CF respiratory 

epithelium [8], and Quinton et al., that uncovered impermeability of sweat gland ducts 

to Cl
-
 in CF [9], postulating that a transporting channel was malfunctioning in CF’s 

epithelia. 

It was only in 1989 that a team led by Lap-Chee Tsui identified the gene 

responsible for CF and its transcript, detected in sweat glands, lung and pancreas [10-

12]. This remarkable discovery opened the possibility to uncover the molecular basis of 

the disease while giving the opportunity to explore other molecular determinants that 

might contribute to the development and/or progression of CF. 
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2. Cystic Fibrosis: Clinical Description  

CF is the most common life-limiting autosomal recessive disease in Caucasians. 

Although the disease frequency varies among different ethnic groups, it affects about 1 

in every 3200 newborns and has a carrier frequency of 1 in 25 individuals [13,14].  This 

monogenic disease is caused by mutations in the Cystic Fibrosis Transmembrane 

Conductance Regulator (CFTR) gene that codes for the CFTR protein, a cAMP-

dependent and ATP-gated Cl
-
 channel. More than 1800 mutations have been described 

to be CF-causing though the deletion on phenylalanine  at position 508 (F508del; ∆F) is 

the most frequent, being present in around 70% of CF chromosomes and in 90% of 

heterozygotes [15] (http://www.genet.sickkids.on.ca/cftr). Defects in CFTR synthesis, 

structure and/or function as a Cl
-
 channel in the apical membrane of several epithelia 

account for a multiplicity of clinical complications that characterize CF: high sweat Cl
-
 

and Na
+
 concentrations, excessive dehydrated mucus secretion that causes exocrine 

pancreatic insufficiency, neonatal meconium ileus, male infertility due to congenital 

bilateral absence of the vas deferens (CBAVD) and obstruction of the airways. In fact, 

impaired mucocilliary clearance in the lungs resulting from mucus obstruction leads to 

recurrent respiratory infections by Pseudomonas aeruginosa and Staphylococcus 

aureus, bronchiectasis and ultimately death [1,16,17]. Some of the symptoms can be 

overcome by pancreatic enzymes replacement or nutritional supervision. However, 

persistent respiratory infections originate an exacerbated inflammatory response in the 

airway epithelia resulting in loss of pulmonary function and are still the main cause of 

morbidity and mortality in CF even under intensive antibiotic therapies.  

Earlier diagnosis, such as prenatal and newborn screening [18,19], and 

comprehensive and integrated clinical treatments allowed an increase in the mean life 

expectancy of CF patients from 8 years in 1974 to almost 50 in present days [15,20,21] 

though it is still a life-threatening disease [22]. The standard diagnosis of CF is the 

sweat test in which [Cl
-
] in sweat must be > 60mEq/L on at least two repeated 

measurements [23,24] and genotyping for mutations in the CFTR gene. However, not 

all patients present the typical CF-associated complications and even diagnosis can be 

dubious with borderline sweat Cl
-
 levels, indicating that factors other than mutated 

CFTR may be involved and contribute to the phenotype. 
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3. From the CFTR gene to CFTR protein 

A new chapter in CF research started in 1989 with the identification of the CFTR 

gene. Chromossome walking and jumping allowed the identification of the gene in the 

long arm of chromosome 7 band 31 (7q31.2), spanning approximately 250 kb and 

comprising 24 coding exons [12]. Its transcript is 6.5 kb and was found to be largely 

restricted to epithelial tissues, though in low levels [11,25]. Sequence comparison 

between alleles from patients and their parents revealed the major CF mutation, a 

deletion of 3 bp in exon 10 causing a loss of phenylalanine at position 508 of the 

protein: ∆F or, more recently, F508del [10] (Figure I.1). 

 

 

Figure I.1: From the CFTR gene to CFTR protein. On top, structure of the 

CFTR gene with the promoter region (P) followed by the 27 coding exons; in the 

middle, linear structure of the 1480 amino acids that constitute the polypeptidic chain of 

CFTR protein showing predicted domains (MSD – membrane spanning domain; NBD – 

nucleotide binding domain; R – regulatory domain); in bottom, CFTR topology and its 

distribution through the membrane, intra- and extracelular compartments. Deletion of 

three nucleotides with consequent loss of phenylalanine at position 508 (F508del, the 

most frequent mutation in CF’s chromosomes at NBD1) is highlighted (box). (Adapted 

from [26]). 

  

 3.1 CFTR protein  

The product of the CFTR gene is a single polypeptide chain of 1480 aminoacids 

with apparent molecular mass of 140 to 170 kDa, depending of its glycosylation status 

and type of cell where it is expressed [11,27]. CFTR’s splicing variants have been 
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reported though no functional significance has been reported so far [28,29]. The protein 

is composed of two highly hydrophobic membrane spanning domains (MSDs), each 

consisting of six α-helices (transmembrane domains, TM1 to TM12) and five loops, 

which form the channel pore; two nucleotide binding domains (NBDs) capable of ATP 

hydrolysis and one large regulatory domain (R) with multiple phosphorylation sites that 

are phosphorylated primarily by cAMP-dependent protein kinase A (PKA) but also by 

protein kinase C (PKC) [27,30]. According to this topology, the vast majority of the 

protein is cytoplasmic (both NBDs and R domain lie in the cytoplasm), part is 

integrated in the membrane and only a small portion is extracelular [31-33]. However, it 

was only in 2008 that CFTR’s 3D structure was obtained and resolved, answering to 

many questions related with CFTR’s topology and function, thus opening frontiers to 

new questions and studies [34,35] (Figure I.2). 

 

 

Figure I.2: (A) Schematic view of the domain structure CFTR protein. TMD – 

transmembrane domain; NBD – nucleotide binding domain; R – regulatory domain 

[34]. (B) The 3D structure of CFTRconstructed by molecular modelling and supported 

biochemically. (Adapted from [34,35]).  

 

  

CFTR belongs to the ATP-binding cassette (ABC) superfamily of transporters, a 

class of proteins found in both prokaryotes and eukaryotes responsible for the transport 

of a wide variety of substrates across biological membranes at the ATP hydrolysis 

expense [36] but that lack the R domain. In the CFTR case, ATP hydrolysis is needed 

for conformational alteration of the protein and regulated channel gating [30,37]. 
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3.2 Localization 

Sites of expression and signals that modulate CFTR expression can provide 

critical insights into the CF pathogenesis, CFTR functions as well as to develop 

appropriate and specific gene therapy or to therapeutically manipulate endogenous 

CFTR expression. The initial description of CFTR gene was also accompanied by 

transcript analysis highlighting important sites of expression [11]. 

The predominant sites of CFTR expression are many of the epithelia surfaces 

throughout the body, most of them corresponding to CF-affected tissues: submucosal 

glands, airway epithelium [38], pancreatic ductal epithelium [39], epithelium along the 

gastrointestinal tract [39], sweat glands [40], epithelium of the developing genital ducts, 

adult epididymis, vas deferens [41,42], cervix and uterus [39,42], salivary glands 

[39,43] and the epithelium of the intrahepatic bile ducts and gallbladder [44]. However, 

some epithelial sites of CFTR expression do not evidence the disease such as kidney 

collecting duct epithelium [45] or the submucosal glands of duodenum [43]. Besides 

being expressed in epithelial cells, several reports claim CFTR expression in several 

non-epithelial tissues such as neuronal expression in brain [46], aortic smooth muscle 

[47,48], ventricular cardiomyocytes [49,50], lymphocytes [51] and erythrocytes [52,53], 

among others, although in significantly lower values. The relevance of CFTR 

expression in such tissues is unclear. 

In addition to have a distinctive pattern and cell-specific expression, CFTR is 

also regulated in a development-dependent manner. The most well-known site of 

developmental regulation of CFTR expression is the airway surface epithelium, with 

relatively high expression during embryonic and foetal development with significant 

decrease at birth, due to airway epithelium switch from secretory to absorptive [41,54]. 

In fact, CFTR mRNA and protein levels are markedly less abundant in lung and airways 

than in other epithelia. CFTR predominant site of expression in the human large airways 

is the submucosal glands [38] but mRNA and protein levels have been detected in distal 

airway, bronchioles and alveoli [55] and nasal epithelia [56-58]. 

Intracellularly, CFTR will traffic through the components of the secretory 

pathway (endoplasmic reticulum, Golgi apparatus, endosomal and lysossomal parts) 

during migration to apical plasma membrane [59-61].  

 

 



 8 

3.3 Functions 

3.3.1  CFTR as a Chloride Channel 

Once the structure and conformation of a protein is established, inferences about 

its function can be assumed. Even before the identification of the CFTR gene, it was 

already known that CF resulted from an abnormally low permeability to Cl
-
 in sweat 

gland ducts resulting in a high concentration of NaCl in sweat [9]. The first 

experimental approach to understand CFTR’s function was the transfection of CF 

epithelial cells with CFTR wild-type cDNA to restore the cAMP-mediated Cl
-
 

conductance [62-64]. The most convincing proof that CFTR is a Cl
-
 channel was 

performed by Bear et al. after incorporation of purified CFTR into artificial lipid 

bilayers that exhibited regulated Cl
-
 channel activity [65]. CFTR is an ohmic low-

conductance channel (conductance ≤10 pS) and, accordingly to the model currently 

accepted, the mechanism of gating is tightly regulated by ATP levels and cellular 

balance of kinase and phosphatase activity. PKA and PKC phosphorylate serine 

residues within the R domain upon cAMP-dependent activation. When this happens, 

channel gating is regulated by a cycle of ATP hydrolysis at the NBDs. 

Dephosphorylation of the R domain leads the channel returns to its “inactive” state [30]. 

Phosphorylation of R domain alters its conformation and interaction with other parts of 

the protein. The 3D structure of CFTR (Figure I.2) reveals important aspects of the 

interfaces between the NBDs and MSDs of CFTR, which are crucial in both assembly 

during biogenesis and in mediating conformational signals that influence channel 

activity [34]. In spite of significant advances in the understanding of CFTR structure 

and function, some aspects of CFTR regulation are still controversial and not fully 

understood [34,66,67]. 

 In brief, the main functions of CFTR accounts for endogenous cAMP-regulated 

and ATP-gated Cl- channel activity mostly at the apical membrane of epithelial cells.  

   

3.3.2 CFTR as Regulator of Other Channels 

Transport of Cl
-
 is in close correlation to the transport of its counter ion Na

+
. 

Although fluid and electrolyte secretion is decreased in CF due to CFTR transport 

dysfunction, hyperabsorption of Na
+
 and hyperactivity of Na

+
 channels is observed 

across the CF airway epithelia [68]. Stutts et al. described that activation of CFTR 

downregulates epithelial Na
+
 channel (ENaC) and that is missing in CF [69,70]. The 
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results are accumulation of mucus, pulmonary congestion, reduced mucociliary 

clearance and excessive dryness of the epithelial surface.   

In human airways, the activity of Ca
2+

-activated Cl
-
 conductance channels 

(CaCC) has been described as being inhibited in the presence of CFTR and upregulated 

in CF. These channels mediate an increase in intracellular Ca
2+

 and interact with the C-

terminal of R domain of CFTR [71]. Though the CaCC inhibition by CFTR does not 

require CFTR activation, it is potentiated when CFTR is activated. 

Another example of Cl
-
 channels regulated by CFTR are the outwardly 

rectifying Cl
-
 channels (ORCCs), some of the most abundant channels in epithelial cells 

and defective in CF. Activated CFTR facilitates the release of extracelular ATP which 

in turn stimulates Cl
-
 conductance of ORCCs  [72,73]. 

Renal outer medullary potassium (K
+
) channel (ROMK2) and delayed activated 

voltage dependent K
+
 channel (KvLQT-1), K

+
 channels located at basolateral 

membrane, are activated by CFTR [74,75]. Extracellular conductance of K
+ 

is essential 

to ensure the driving force for Cl
- 
secretion. 

Studies in Xenopus oocytes have shown that overexpression of CFTR increases 

water permeability through aquaporin-3 (AQP3) [76]. This protein was also identified in 

respiratory epithelial cells with consequent increase in water permeability under CFTR 

activation [77,78].   

 

3.3.3 Other Functions of CFTR 

Besides being a regulator of several ionic channels, other functions have been 

attributed to CFTR. Moreover, defects and/or dysfunction of CFTR solely as a Cl
-
 

channel do not completely explain the complex phenotype observed in CF patients.  

 CFTR is required for the transport of bicarbonate (HCO3
-
) in the lungs, pancreas 

and gastrointestinal tract. The implication of bicarbonate in CF pathophysiology can be 

explained by its ability to act as a pH buffer and enhancing the solubility of proteins and 

ions in biological fluids. Ion selectivity studies show that CFTR is 3 to 5 times more 

selective for Cl
- 
than to HCO3

-
 [79] and that it transports HCO3

-
 in a process mediated 

by coupled Cl
-
-dependent transport [80]. Bicarbonate is highly relevant in CF especially 

at the pancreatic level: CFTR mutants with normal or substantial Cl
-
 channel activity 

but which do not transport HCO3
- 
are associated with more severe forms of pancreatic 
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disease, while those that show reduced HCO3
- 
transport are associated with milder forms 

[81]. 

 Glutathione (GSH) is a tripeptide that constitutes the most important extracelular 

antioxidant in the lungs and is implicated in the regulation of inflammation and immune 

response [82]. CFTR was shown to directly mediate the nucleotide-activated transport 

of GSH. In CF, the GSH concentration in airway surface liquid (ASL) that covers the 

respiratory epithelium is greatly reduced [83], providing evidence that CFTR can play a 

role in GSH flux from epithelial cells to ASL and, consequently, in the control of 

oxidative stress and chronic inflammation in the airways [84]. 

 It is known that airway cells in CF present an altered glycophenotype that 

dramatically favours the chronic colonization by P.aeruginosa and Haemophilus 

influenzae [85]. Binding to the epithelial cells activates the host immune response 

resulting in an exacerbated inflammatory state of the airways mucosa and deterioration 

of pulmonary tissue in CF. In addition to that, these two pathogens that most commonly 

colonize the CF lungs have binding proteins that recognize the altered glycoconjugates 

in CF cells [86]. CFTR tends to accumulate in the specific region of the membrane 

where bacteria bound and can be assumed that the protein is needed for signalling in 

response to infection [87] and even in the removal of the infector [88]. The 

glycosylation pattern is also important in compartmentalization and transport of the 

terminal glycosyltransferases through the Golgi. Mutated/absent CFTR causes incorrect 

compartmentalization which leads to modified glycophenotypes in the surface of CF 

cells’ membranes and compromised bacteria clearance [89]. 

 CFTR also seems to regulate exocytosis especially in polarized epithelial cells 

[85], process that is defective in CF. Its internalization from the apical membrane is 

inhibited by an increase in cAMP levels and dependent of CFTR itself as a Cl
-
 channel 

[90]. Endosome fusion also seems to be CFTR- and cAMP-dependent [91]. 

 

4.  Classification of CFTR Mutations  

 As previously mentioned, over 1850 sequence variations (mutations and 

polymorphisms) have been reported in the CFTR gene 

(http://www.genet.sickkids.on.ca/cftr) stressing the need of classification and grouping 

according to their effect on CFTR function. Zielinski an Tsui [92] have proposed the 

classification of CFTR’s mutation in five categories (Figure I.3): 
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Figure I.3: Classification of CFTR mutation and its molecular consequences. 

(Adapted from [92]). 

 

 ● Class I - Defective Protein Synthesis: Mutations in this class correspond to 

almost half of the studied mutations and include nonsense, splicing and frameshift 

mutations that lead to creation of premature termination codons (PTC) resulting in 

complete absence of CFTR protein. PTC generally result in truncated proteins; 

however, additional effects on mRNA instability have been reported. The final 

consequence is a more severe form of CF [93]; e.g., G542X, W1282X, R553X. 

 ● Class II – Defective Protein Processing: Mutants carrying class II mutations 

present a defective processing and/or intracellular trafficking in CFTR maturation with 

absent or reduced protein concentration at the plasma membrane. The disease severity 

correlates with the amounts of fully processed CFTR that is able to reach its site of 

action; e.g., F508del, N1303K.  

● Class III – Defective Protein Regulation: In this class, normal levels of 

CFTR protein are produced and inserted into the plasma membrane but are unable to 

function as a cAMP-activated Cl
-
 channel due to inability to be activated by ATP or 

cAMP. Phosphorylation/dephosphorylation is the major pathway by which CFTR is 

regulated and it is defective in this class of mutations. Patients carrying such mutations 

present a wide range of phenotypes from severe lack of CFTR function to reduced 

response to cAMP stimulation and slightly reduce activity; e.g., G551D, Y569D, 

S1255P. 

● Class IV – Altered Conductance: Mutations of class IV are located in 

regions corresponding to the TMDs that form the channel pore affecting the gating 

properties and causing a reduced Cl
-
 efflux rate. Here again, normal levels of CFTR 
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protein are produced, processed, transported and inserted into the apical membrane but 

display a defective conductance though with residual activity; e.g., R347P, R334W.  

 ● Class V – Reduced CFTR Level: This class includes promoter mutations that 

reduce transcription and amino acid substitutions that cause inefficient protein 

maturation and, consequently, reduces the amount of protein in the membrane; e.g., 

3272-26A>G, G576A, 3849+10kb C→T.  

 

Vankeerberghen et al. [94] have proposed a sixth category corresponding to 

alterations in CFTR that result in protein forms with reduced stability and increased 

degradation rate with consequences in the functioning of other channels and imbalanced 

electrolyte movement across membrane [95].  

 

 Mutations in classes IV, V and VI frequently cause milder forms of the disease 

(patients are usually pancreatic sufficient) as partially functional CFTR is present at the 

membrane [96]. 

Despite the enormous number of mutations and polymorphisms, one mutation 

accounts for approximately 70% of the CF chromosomes and 90% of at least one allele 

in CF patients: F508del. This mutation results in a shortened-one-amino-acid protein in 

position 508 of the polypeptide chain with altered misfolding, incomplete glycosylation 

and incorrect trafficking to plasma membrane [97-99]. The other four most common 

mutations are G542X, G551D, N1303K and W1282X, with the remaining being located 

in geographically restricted areas.  

The genetic and physiological information of the CFTR gene promoted a better 

understanding of the pathology; however, the levels of functional protein are the central 

point in determining the manifestations of CF: the lower the levels of active CFTR, 

more organs become affected with more severe consequences. The opposite is also 

verified (Figure I.4). 
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Figure I.4: Correlation between the level of active CFTR and the phenotype 

observed in patients (Adapted from [21]). 

  

 

5. CF Phenotype 

 Classic CF is characterized by progressive obstructive lung disease, pancreatic 

insufficiency and congenital absence of the vas deferens in males while non-classic 

forms of the disease account for the non-appearance of the classic triad of symptoms 

[19]. In any of the cases, multiple organs are affected with consequences in the welfare 

and life quality of the CF patients (Figure I.5). 

 

5.1 Sweat Glands 

 Sweat testing by quantitative pilocarpine iontophoresis is the main standard test 

for confirming the diagnosis of CF [19,100,101]. Sweat is produced at the base of the 

sweat gland as a salty fluid and flows to the skin surface through a narrow duct. In the 

final part of the duct, ions are absorbed making the sweat water-rich. Epithelial tissues 

in CF patients are unable to absorb Cl
-
, and consequently Na

+
, from the duct lumen 

causing sweat to retain an excess of Cl
-
 and Na

+
, becoming abnormally salty [102]. 

Quantitation of Cl
-
 concentrations is required, though [Na

+
], conductivity and 

osmolarity may also be measured. The advent of the development of such sweat test 

was in 1949 during a heat wave in New York City due to enormous increase in 

hospitalization of CF patients that rapidly became dehydrated [6]. Today, it is 

established that for the sweat test to serve as diagnostic of CF, it must have [Cl
-
] > 

60mmol/L in at least two measurements, performed preferably several weeks apart, and 

be interpreted in an age-specific fashion [19,100,103].  

 



 14 

 

Figure I.5: Consequences of dysfunctional CFTR in human organs. (Adapted 

from http://www.ncbi.nlm.nih.gov). 

 

 

 5.2 Intestinal tract 

Gastrointestinal dysfunction remains the earliest and most common 

manifestation of CF with distal intestinal obstruction syndrome, meconium ileus and 

rectal prolapse being prematurely observed even in prenatal sonography [104]. There 

are some similarities between the fluid and electrolyte secretion in the intestinal tract 

and in the airways: Cl
-
 enters the basolateral membrane via co-transport processes and 

exits apically via specific channels such as CFTR. In CF, the Cl
-
 secretory component is 

absent [105] leading to alterations in the composition of the luminal content. The final 
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consequence is nutrients’ malabsorption in the gut, malnutrition, reduced body mass 

index (BMI) in patients and increased propensity for recurrent infections. 

 

5.3  Hepatobiliary disorders 

 CFTR is expressed in epithelial cells of the biliary tract, namely in 

cholangiocytes and gallbladder epithelia. About one third of CF patients show abnormal 

results of liver function presenting features such as hepatomegaly, diffuse fatty 

infiltration to severe cirrhosis. Histological changes include intraluminal concretions in 

the biliary tree with duct dilatation. Inflammation and fibrosis also occur due to bile-

duct epithelium hyperplasia and proliferation [106], similar to that observed in the 

pancreas. In addition, intrahepatic biliary epithelial cells produce excessive mucus 

composed of proteoglycans, which increase the viscosity of CF bile [107]. A small, 

poorly functioning gallbladder affects up to 30% of CF patients and gallstones up to 

10% [108]. 

 

 5.4 Fertility  

 98% of CF men are infertile, with aspermia, secondary to atretic or congenital 

bilateral absence of vas deferens (CBAVD) and dilated or absent seminal vesicles [109]. 

The vas deferentia become blocked with viscid secretions early in life and are 

reabsorbed [110] but sexual potency and spermatogenesis are kept in a normal level 

[20]. Females with CF are also found to be less fertile than normal healthy women. This 

is mainly caused by tenacious impermeable cervical mucus, which does not undergo the 

typical changes during menstrual cycle, due to defective CFTR protein expressed in the 

cervix [111,112]. Congenital absence of the uterus and vagina (CAUV) are also 

commonly associated with CF [113]. The incidence of CFTR mutations found in the 

patients with CAUV was twice as high as that found in the general population (8% vs 

4%), but much less than the incidence of CFTR mutations in men with CBAVD (80%). 

This data suggests that it is unlikely for CFTR mutations to cause CAUV in females as 

they cause CBAVD in males [113].  

 

 5.5 Pancreatic Disease and CF-related Diabetes (CFRD)  

 Exocrine pancreatic insufficiency is present in about 90% of CF patients and 

constitutes the most-well studied and established genotype-phenotype correlation (see 6. 
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Genotype-Phenotype Correlation). Patients with mild CFTR mutations that have almost 

normal levels and activity of exocrine pancreatic enzymes are called pancreatic 

sufficient while those who present severe CFTR mutations do not have such enzymes 

and need to supplement their meals with enzymatic supplements are called pancreatic 

insufficient [114]. Pancreatic disease results from retention and prematurely activation 

of digestive proenzymes in the pancreatic ducts due to a reduction in volume of 

pancreatic secretion fluid lower in HCO3
-
 concentration, leading to tissue destruction 

and fibrosis [20,115] (Figure I.6). The resulting malabsorption fails to meet the raised 

energy demands caused by hypermetabolic state with endobronchial infection causing a 

vicious cycle of reduced appetite, vomiting, malnutrition and infection. Diabetes 

mellitus are rare during the first decade of the patients’ life as Langerhans cells are 

initially spared from destruction and fibrosis. Incidence of CFRD increases with age 

[108,116]. Currently, pancreatic insufficiency can be corrected by enzyme replacement 

[117]. 

 

5.6 Respiratory Disease 

 Chronic lung disease is the major cause of morbidity and mortality in CF and the 

link between ion transport defects and the pathogenesis of CF lung disease has been the 

subject of major clinical research. Along with pancreatic disorder and sweat glands 

dysfunction, pulmonary disease forms the core of classic CF.  

 It is generally accepted that innate host defence is deeply altered in the disease 

that include chemical protection by antimicrobial peptides/proteins such as lysozyme or 

lactoferrin and mechanical clearance of mucus and inhaled particles and/or pathogens 

by mucociliary apparatus [118,119] (Figure I.6). 

So far, several hypotheses have been proposed aiming to explain the 

mechanisms between defective CFTR and airway disease: High Salt hypothesis [120]; 

Low pH hypothesis [121]; Low Oxygenation hypothesis [122,123]; Low Airway 

Surface Liquid (ASL) Volume hypothesis [124] and Abnormal Gland hypothesis [125]. 

These assumptions are based on the facts that increased Na
+
 absorption and reduced 

ability of the CF airways to secrete Cl
-
 alters ASL volume, promote mucus adherence 

and favour bacterial colonization and infection. Adding to all of this, it is predicted that 

CF pathogenesis reflects deficient epithelial binding and phagocytosis of bacteria 

[88,126] or an intrinsically enhanced inflammatory response in CF airways [127]. 

Persistent and recurrent bacterial infections trigger an inflammatory response creating a 
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vicious cycle of infection, inflammation, impaired mucociliary clearance and 

oxidant/antioxidant status that promotes bronchiectasis, respiratory failure and 

ultimately death [128].  

 

  

 

 

 

 

 

 

 

 

Figure I.6: Pathogenesis of CF at 

pancreas and lung level. (Adapted 

from http://www.medicine.ufl.edu). 

 

 

 

5.6.1 Airway Surface Liquid (ASL) and Periciliary Liquid Layer 

(PCL)  

 CF patients are born with apparent no lung disease, though mucus plugging, 

abnormal ASL volume and infection are responsible for degrading lung function early 

in life [127]. The airway epithelia is highly water permeable and the ASL volume is 

determined by the mass of salt on airway surfaces, which in turn is tightly regulated via 

two opposing active transport systems, ENaC-mediated Na
+
 absorption and Cl

-
 

secretion mediated by CFTR and CaCC [129,130]. In CF, increased ENaC activity and 

defective CFTR function were predicted to deplete ASL volume. ASL can be divided 

into two compartments: a mucus layer, where inhaled particles and pathogens are 

entrapped, and the periciliary liquid layer (PCL), a mucin-free low viscosity medium 

that facilitates ciliary beating and that functions as lubricant to separate mucus layer 

from the mucins tethered to the cell surface to facilitate cough clearance [119,129]. In 

contrast to CF epithelium, normal airway epithelia have the capacity to regulate the 

volume of ASL by setting the height of the PCL to the height of an extended cilium. 

Moreover, PCL height in CF is significantly reduced and cilia are flattened/collapsed 

onto cell surfaces [129,131-133]. This alters optimal mucociliary transport and creates 
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an unfavourable microenvironment for antibacterial subjects, such as lysozyme and 

defensins, to perform their activity [134]. 

 All these events provide a significant link between abnormal ion transport and deficient 

mucus clearance in the airways of CF patients. 

 

  5.6.2 Pathogens 

 Shortly after birth, the lungs of CF patients become infected by a variety of 

pathogens, namely Staphlylococcus aureus and Haemophilus influenza [135,136]. 

Pseudomonas aeruginosa affects approximately 80% of the population [15] and is 

associated with a more rapid clinical deterioration, especially mucoid strains [135,137]. 

Other species infecting CF patients’ lungs account for Stenotrophomonas maltophilia 

and Burkholderia cepacia [15]. (Figure I.7)  Although great development and 

improvement in antibiotic treatment strategies against respiratory-tract infections, these 

are regarded as the main reason of morbidity and mortality [138,139].  

 

 

Figure I.7: Specific pathogens tend to colonize CF’s patients’ lungs in an age-

dependent manner (Adapted from [21] using data from the 2005 Cystic Fibrosis Patient 

Registry, Bethesda, MD, USA). 

 

 

Currently, several hypotheses aim to explain the development and persistent 

colonization of CF’s airways by opportunistic pathogens: Inflammation-first hypothesis 

[140]; Cell-receptor hypothesis [141]; Salt-defensin hypothesis [142,143] or the Isotonic 

fluid depletion/anoxic mucus hypothesis [131], though none of them completely 

elucidate about all the types of colonization and infection. 
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 Pseudomonas aeruginosa is one of the hallmarks of CF and causes chronic 

deterioration and damage in lungs. Its environmental ubiquity and direct contact from 

patient-to-patient explain its high frequency [144]. Recent research has highlighted 

mechanisms of attachment of the microorganism and emphasizes the role of hair-like 

proteins (Pili) and flagella in the attachment, adhesion and biofilm formation in the CF 

lung. After an initial and transient colonization period with non-mucoid strains, 

untreated patients generally became chronically infected with alginate-coated mucoid 

strains [145] which became antibiotic-resistant due to low penetration of the drugs and 

rapid development of mutant strains [146]. 

 Staphylococcus aureus (MRSA) are an important human pathogen, resistant to 

penicillin and frequently isolated from sputum samples of adult CF patients [147]. 

Although they do not significantly contribute to the morbidity and mortality in CF 

[148], it is suggested that MRSA-induced lung damage can predispose to Pseudomonas 

aeruginosa infection [149]. No significant change was observed in MRSA-infected 

patients regarding respiratory function, nutritional status or chest x-ray appearances 

[150] though a small increase in dyspnoea, wheeze and sputum production arises. 

Burkholderia cepacia was first identified by Francis Burkholder in 1950 [151] 

and the first report in CF’s airways is from late 1970’s [152-154]. Burkholderia cepacia 

affects <10% of CF patients but its management is important in both clinical and 

surgical evaluation of patients selected for lung transplantation [155,156] as they are 

commonly resistant to antibiotics and host defensins [157].  

 Lungs of CF patients are constantly under attack of opportunistic 

microorganisms. Prevention of bacterial lung infection and effective antibiotic therapies 

are the primary aim for CF treatment with gains in quality and increased life 

expectancy. 

 

5.6.3 Infection versus Inflammation  

 Inflammation and infection are two major components of the CF lung disease 

though whether which one takes place at first is still object of great debate. 

The inflammation-first hypothesis proposes that inflammation is present in the airways 

of patients in the first steps of life before infection [140], findings supported by work in 

germ-free raised mice with CF [158]. Some reports on CF foetuses and newborns that 

show that their lungs appear histologically and morphologically normal although with 

distended mucus glands in the upper airways [15,159]. Others have observed increased 
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inflammatory cells and proinflammatory cytokines interleukin-8 (IL-8) and interleukin-

6 (IL-6)  in bronchoalveolar fluid (BALF) in infants with CF in the absence of apparent 

infection [135,140] without excluding the possibility of an anterior infection cleared at 

the time of testing. This à priori inflammatory phenotype is supported by at least other 

two groups that have reported increased production of proinflammatory cytokines and 

exaggerated NFkB activation in lung epithelial cells expressing mutant forms of CFTR 

[160,161].   

On the other hand, evidences from Armstrong and co-workers do not agree with this 

hypothesis and emphasize that inflammation follows infection [136]. CF’s BALF 

contain low concentrations of anti-inflammatory interleukin-10 (IL-10) produced from 

bronchial epithelial cells [162] that can predispose patients to severe lung inflammation 

after colonization with Pseudomonas aeruginosa [163]. IL-10 modulates the 

inflammatory functions of monocytes/macrophages, lymphocytes and neutrophils in the 

airways [164] and inhibits transcription factor NFkB, a pathway that is highly activated 

in CF [165-167]. Other activators of NFkB accounts are reactive oxygen species (ROS) 

that are produced in the CF airways as consequence of pathogens’ colonization [168]. 

Pier and coworkers proposed that CFTR is a pattern recognition molecule that extracts 

lipopolysaccharides (LPS) from outer membranes of Pseudomonas aeruginosa into the 

epithelial cells, activating NFkB signalling [169], and that ∆F-CFTR cells lack its initial 

proinflammatory response by IL-1-β-NFkB, resulting in chronic airway inflammation 

[170]. More recently, other mechanism of NFkB activation in CF was demonstrated to 

be the result of inability of CFTR to communicate with inflammatory receptors via 

TNFα protein complex gap junctions [170-172]. This phenomenon is mutation-type-

dependent as ∆F508 promotes the activation of NFkB signalling 3.5 times more intense 

than G551D-CFTR [166].   

In both “schools of thought”, the NFkB proinflammatory signalling plays a 

central role in the development and progression of CF lung disease (recently reviewed 

in [173]) whether by increased predisposition for an inflammatory phenotype or by 

response to a bacterial colonization. 

CF mouse models do not spontaneously acquire lung infection or display typical 

CF lung disease so their contribution in helping to clarify this matter is also limited. 

Investigators have studied xenografts of CF human tracheal and bronchial epithelial 

cells implanted in immunocompromised mice [174-176] though the results were 
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unclear, reinforcing the idea that current model systems are insufficient to prove 

whether inflammation can occur prior to infection. 

 Overall, an exaggerated, sustained and persistent neutrophilic inflammatory 

response to bacterial and viral pathogens, that ultimately destroy the airway’s wall, is an 

accepted feature of lung disease in CF. It is assumed that, for a given bacterial load, a 

person with CF will have up to 10 times more inflammation than someone with lower 

respiratory tract infection but without the disease [177]. Inflammation is present even in 

young infants diagnosed by neonatal screening and in clinically stable patients 

[136,140,178].   

 

6. Genotype-Phenotype Correlations 

 The classification of CFTR mutations on the basis of their molecular 

mechanisms represents an attempt to predict the course of the disease and to establish to 

what extent CF phenotype results from underlying mutations [114]. This task is 

however difficult as CF affects several organs and the symptoms are highly 

heterogeneous among different patients. Three factors seem to play an intricate role in 

defining CF phenotype: the specific pair of CFTR mutations, secondary genetic factors 

other than CFTR also called modifier genes and the environment [179].  

 There are two typical approaches to study genotype-phenotype correlations: to 

evaluate trends in patients carrying specific CFTR mutations and genotype analysis of 

similar clinical profiles, e.g., pancreatic or lung disease, age of diagnosis, etc. Dominant 

phenotypic effects have been reported for mild CFTR alleles [180]. 

Zielenski and colleagues have predicted a good correlation between the class of 

a certain mutation and some clinical symptoms, though the severity of lung disease does 

not seem to be evident. On the other hand, the pancreatic function seems to correlate 

well with the CFTR genotype [26,92]. In general, patients with pancreatic insufficiency 

are homozygous or heterozygous of two mutations from class I, II or III and diagnosed 

later while those with pancreatic sufficiency have at least one mutated allele from 

milder classes IV or V and show symptoms in the earlier years of life. Malnutrition was 

significantly higher in patients with a severe genotype than in those carrying milder 

mutations [181]. A feature that appears to be almost genotype-independent is CBAVD 

that affects almost all male patients [182].  

 Lung is by far the most compromised organ in CF and therefore the main focus 

of investigation. Some degree of correlation between CFTR class of mutations and lung 
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disease have been proposed [93,183-190] where milder mutations account for better 

pulmonary function and lower rate of Pseudomonas aeruginosa colonization resulting 

in better survival than severe ones. Complex alleles, i.e., alleles that have a second site 

mutation, were also associated with higher phenotypic variation [191-193]. 

CFTR mRNA transcript levels are being correlated with severity of selected functional 

and/or clinical parameters. A study from Ramalho et al. showed that as much as 5% of 

the normal level of wild-type CFTR mRNA could be sufficient to attenuate the 

development of severe lung disease [194].  

 Overall, the genotype-phenotype correlation studies have significantly 

contributed to our understanding of how and to what extent CFTR mutations contribute 

to the severity of the pathology although variability and context (organ)-dependent is 

observed. Also, the direct impact of the CFTR genotype, as disease trigger, seems to be 

limited to the initial phase of CF indicating that other factors than CFTR genotype alone 

play a role in the course of the disease. 

 

7. CF Modifier Genes and CFTR Interactors  

 The complex and heterogeneous phenotype observed among CF patients cannot 

be completely explained by the impairment of CFTR alone, indicating that other factors 

might be implicated in this highly variable disease: the modifier genes [195]. Studies of 

twins and siblings affected with CF showed substantial impact of genetic modifiers in 

CF pulmonary disease, independent of CFTR genotype [196]. 

 The CFTR-knockout mice provided the first concrete evidence of a CF-modifier 

gene. Although these mice do not evidence classical CF lung disease, they develop 

intestinal obstruction shortly after birth, usually leading to death, which resembles 

meconium ileus present in about 20% CF human patients [197]. Moreover, severity and 

lethality of intestinal obstruction in CF has been associated with variability in a CFTR-

independent locus on mouse chromosome 7, though the specific gene has not been 

identified yet [198]. A similar gene locus has been detected on human chromosome 19 

[199]. Identification of genes that modify CF pulmonary phenotype has been more 

challenging. Lack of animals that resemble CF lung disease required moving towards 

population-based studies investigating some logical genes, some of them that may 

improve or correct the underlying Cl
-
-transport abnormalities or modulate the cycle of 

infection and inflammation [200,201]. The first twin-based study tried to establish a 

correlation between lung function and body mass index (BMI), showing a higher 
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correlation in monozygous that in dyzigous twin pairs though independent analysis of 

these two features showed no significant differences [201]. Subsequent studies aiming 

to correlate lung function in CF with FEV1, treatment and socioeconomic factors have 

also been evaluated (for review, see [202]). Clarke and colleagues proposed that an 

alternative Ca
2+

-activated Cl
-
 channel would be present at the airways trying to 

overcome the lack of CFTR function [197]. Others include molecules involved in CFTR 

trafficking, alternative ion channels, inflammatory and anti-inflammatory mediators, 

antioxidants and mediators of airways reactivity (Table 1). 

 

Table 1: Putative CF modifier genes. (Adapted from [203] and reviewed in 

[202]). 

Category Examples of Proteins 

Inflammatory/Anti-inflammatory genes Cytokines (TNF-α; IL-8; IL-10) 

Ion/Water Transport Alternative chloride channels; ENaC 

Immunity/Airway Defense MBL2; HLA locus; NOS 

Proteases/Antiproteases 
Neutrophilic elastase; α-1-

antitrypsin; IFRD1 

Post-translational 

processing/chaperones 
Heat shock proteins (Hsp90; Hsc70) 

Growth Factors TGF-β 

Oxidants/Antioxidants Glutathione S-transferase 

Airway Reactivity β2-AR; EDNRA 

Mucus/Mucins Muc5AC 

 

 

7.1 CFTR interactors  

 Proteins that interact with CFTR during its biosynthesis, processing and 

maturation play a role in regulating the CF phenotype, either by direct up- or down 

regulation of CFTR itself or by indirect processes, creating the correct environment for 

normal biogenesis and/ trafficking. Moreover, growing evidence has demonstrated that 

these interactions are spatial and time-dependent, affecting the processing, localization 

and the channel activity of CFTR within cells [204]. 

 During co- and pos-translational folding, CFTR binds to several proteins such as 

Hsc70, Hsp 40, Hsp90, calnexin or ubiquitin ligating (E3) enzyme, among others [205-

208] protecting the protein from aggregation, facilitating folding and aiding the 
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degradation of non-native conformers [209-211]. So far, Wang et al. provided the most 

complete-to-date CFTR interactors’ list evidencing proteins involved in the molecular 

chaperone system, ER folding factors, enzymes from the peptidyl-prolyl cis-trans 

isomerases, proteasomal subunits, vesicle associated transport and cellular organization 

proteins [212]. 

 Deeper knowledge on the CFTR interacting proteins will contribute to elucidate 

all the involved mechanisms from synthesis to membrane delivery and recycling, to 

study their influence in the CF’s patophysiology and to modulate new therapeutic 

targets for CF therapy. 

 

7.2 Growth Factors and Inflammatory genes as CF modifier genes 

 Polymorphisms in proinflammatory cytokines may play a crucial role in 

regulating the chronic lung inflammation in CF. Transforming growth factor beta (TGF-

β) is a cytokine with both inflammatory and anti-inflammatory properties. In airway 

epithelium, TGF-β modulates fibroblast proliferation and collagen deposition [213-215] 

and polymorphisms in the TGFB1 gene lead to a reduced abundance of TGF-β, being 

associated with decreased risk of pulmonary fibrosis after lung transplantation 

[216,217]. In CF patients, it was observed that polymorphism in codon 10 of TGFB1 

were associated with low production of the protein and slower deterioration of lung 

function [218,219] though unclear results were unravelled by Bartlett et al. [220]. The 

correlation of TGFB1 with asthma and COPD has also been demonstrated [221,222]. 

Tumor necrosis factor alpha, or TNF-α, is a proinflammatory cytokine found in 

high concentrations within the CF airway that might contribute to the neutrophil-

mediated inflammatory response and has been inversely correlated with lung function 

[223,224]. A study from Hull et al. showed that CF individuals carrying a 

polymorphism in the promoter region of the TNF-α gene had a significantly lower 

FEV1 and poorer nutritional status [225]. Arkwright, however, found no association 

between this [226] and Low et al. found no link with any marker of severity using a 

larger cohort of patients [227]. Other variants of TNF-α have been identified but their 

role in CF is uncertain due to low reproducible studies [195]. 

Nitric oxide (NO) is synthesized by NO-synthetase 1 (NOS-1) in the lung that is 

often found with increased levels in the presence of inflammation. In CF, exhaled NO is 

however lower than expected and patients with NOS-1 variant alleles that lead to 
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particularly low levels of exhaled NO present increased risk for early colonization with 

Pseudomonas aeruginosa  and Aspergillus fumigatus and non-specific inflammation of 

the airways. Increased number of GT repeats immediately upstream the transcription 

initiation site of the NOS-1 gene significantly correlated with the exhaled NO levels 

[228], predicting a slower decline in lung function during the 5 years follow-up period 

for CF patients who had the NOS-1 genotype associated with higher NO production in 

an age, genotype and bacterial colonization independent way. A new functionally 

important polymorphism (894G/T) affects the resistance of NOS-3 to proteolysis and 

that is induced by oestrogen in the vascular endothelium. The relation between NOS-1 

and NOS-3 as independent modifiers or if there is a confounding effect of one upon the 

other remains unclear [229-231].  

 

7.3 Antiproteases and Antioxidants as Modifiers of Respiratory Disease 

Chronic inflammation of the airways results in an excess of destructive proteases 

such as neutrophil elastase, cathepsin G and proteinase 3 [232]. Although considered an 

acute phase protein, α-1-antitrypsin has an important function preventing this 

destruction acting as an antiprotease and anti-inflammatory agent in the lungs 

[233,234]. Patients with inherited deficiency in α-1-antitrypsin are at risk of 

emphysema and thus it was postulated that CF patients with co-existing α-1-antitrypsin 

deficiency would have a more severe pulmonary phenotype [235]. Recent results from 

Bartlett and co-workers associated the α-1-antitrypsin Z allele with greater risk of 

developing severe liver disease [220]. On the other hand, Mahadeva et al. have found 

that decreased levels of α-1-antitrypsin may have a milder CF phenotype [236].  

As for antioxidant candidates to CF modifier genes, glutathione S-transferases 

(GST) are among the most well positioned. This family of antioxidant enzymes are 

present in high concentrations in the airway epithelial liquid layer and function in the 

detoxification of oxidative stress products [237]. GSTM1 gene has a common non-

functioning allele (GSTM1-0) that does not produce a protein. This polymorphism is 

associated with decreased lung function growth in children [238], high risk for chronic 

bronchitis [239], greater disease severity accessed by chest radiograph and Shwachman 

score and decreased survival [225,240]. Polymorphisms in another member of this 

family, GSTP1, have been associated with susceptibility to asthma [241-243]. 
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7.4 Antigen Presentation and Host Defense Mechanisms 

The human leukocyte antigen (HLA) is the most polymorphic in the human 

genome, encoding hundreds of genes including the major histocompatibility complexes 

(MHC). MHC class II molecules are fundamental in antigen presentation and ensuing 

inflammatory response. Polymorphisms have been associated with autoimmune 

conditions, asthma and allergy. An allelic variant, DR7, has been associated with IgE 

levels and increased risk for Pseudomonas aeruginosa colonization in CF [244], while 

DR2 allele showed increase propensity for allergic bronchopulmonary aspergillosis in 

CF [245]. 

Mannose-binding lectin (MBL) is a member of the collectin family being an 

important component in the innate immune defense system and exerting its function 

both by direct opsonization of pathogens and by activation of the complement system 

[246]. MBL is a product of MBL2 gene with polymorphisms (MBL2-0) in the promoter 

region resulting in non-functional mutants and low levels in circulation [247]: 

heterozygoty for MBL2-0 results in decreased serum MBL and homozygoty in 

undetectable levels of the protein. In CF, MBL2-0 is a likely candidate as a modifier 

gene of the lung disease as both FEV1 and FVC were significantly lower in 

Pseudomonas aeruginosa infected subjects with either one or two structural MBL2 

mutations and increased risk for Burkholderia cepacia infection [248,249]. They also 

had increased risk of lung transplantation and death. A study involving a larger cohort 

of individuals (almost 600 subjects) showed that adult patients with homozygous for 

two structural MBL2 mutations had significantly impaired lung function, oxygen 

saturation and raised inflammatory markers [250]. Conflicting reports have been 

published regarding MLB deficiency in childhood: Muhlebach and co-workers reported 

that MBL deficiency may initially be associated with higher lung function [251] while 

more recently MLB2 deficiency was significantly associated with earlier infection with 

Pseudomonas aeruginosa and, consequently, with a more rapid decline of pulmonary 

function [252]. 

 

7.5 Airway Hyperresponsiveness  

 β2 adrenergic receptor (β2-AR) is a G-protein-coupled receptor present in the 

airways that stimulates adenylyl cyclase activity and is known to influence airway 

reactivity [253]. Polymorphisms in the β2-AR gene have been considered to influence 

severe asthma [254,255] and obesity [256]. Buscher and co-workers have conducted a 
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study with 126 CF patients where they studied the effect of three polymorphisms in the 

β2-AR, namely Arg
16

Gly
16

, and found a significantly lower FEV1 in homo- or 

heterozygous for Gly
16

 when compared with homozygous for Arg
16

. Also, Gly
16

 was 

significantly less frequent in the CF population, possibly implying a survival 

disadvantage. A rare polymorphism was identified by the team that showed a blunted 

cAMP response to isoproteronol stimulation and significantly decreased the pulmonary 

function [257]. 

Two other polymorphisms on codons 16 and 27 showed no association with lung 

disease [258-260]. 

Variants in the endothelin receptor type A (EDNRA) are also likely to contribute 

to CF lung pathology. Darrah and co-workers have observed an association between a 

variant in the 3’-UTR of EDNRA and ∆F-CFTR. EDNRA has been implicated in 

vasoconstrictive diseases altering smooth muscle function. Its involvement in CF lung 

disease might produce similar effects at the smooth muscle tone in the airways and/or 

vasculature [261]. 

 

 Besides the ones presented here, several other candidate genes have been studied 

aiming to make a correlation between different CF phenotypes (for review, see [195], 

[262] and [202]). However, it seems highly unlikely that these genes by itself confer the 

typical CF phenotype. The effects of interactions between CF modifier genes with 

CFTR genotype, binary interactions other than CFTR and the environment will certainly 

promote more substantial effects and detectable features. 

Among the most well-studied is the interaction between MLB2 either with CFTR [263] 

and with Pseudomonas aeruginosa [249]. Most of these CF modifier genes-CFTR 

interactions promote variant polymorphisms effects in the context of severe mutation 

homozygosity with rare exceptions [219]. Gene-gene interactions have been reported in 

CF as well as with pathogens and exposure to second-hand smoke (reviewed in [195]). 

Several CF modifier genes have been identified by association through genome-wide 

studies significantly increasing the numbers of potential candidates. One of the 

challenges in this field is therefore the development of analytical tools to determine 

which interactions will have implications in the CF phenotype and its biological 

relevance. Proteomics, along with bioinformatics, is very well positioned in aiming to 

answer such pertinent questions.  
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8. Proteomics and its Significance to the Understanding of Cystic Fibrosis 

 Upon the discovery of the CFTR gene and its mutations, great expectations arose 

given the possibility to study and understand this complex monogenic disease. 

However, investigators soon realised that they were facing a much more intricate and 

multifaceted problem which investigation could benefit from combined technologies 

other than gene sequencing. The completion of the human genome project was a key 

point in the evolution of proteomics, the large-scale study of protein profiles under 

certain conditions and in a determined point in time [264,265]. Modern medicine 

nowadays focus its attention to the integrated examination of gene expression of the 

entire genome under physiological or pathological conditions and how its expression 

pattern defines and predicts the different phenotypes, progression and/or aggressiveness 

of a disease. Proteomics is increasingly pointed as a fundamental scientific discipline in 

which disease mechanisms are unravelled and novel biomarkers and therapeutic 

approaches are discovered in this post-genomic era [266]. 

Particularly, in CF-related research, proteomics appears as an almost logic 

complementary approach to investigate this disease where only one gene is 

affected/mutated but which consequences imbalance the functions of a multiplicity of 

organs. Although our understanding on the molecular determinants in CF have 

augmented significantly over the years, none of the approved treatments currently 

available are able to correct the CFTR defect and patients are still dying in consequence 

of the disease. To be able to define and compare protein profiles from CF patients with 

healthy individuals and/or with other CF-sharing features disorders will reveal a solid 

contribution to provide additional information on CF pathogenesis that ultimately have 

to be translated in the identification of diagnostic/prognostic biomarkers and 

therapeutics molecular targets for drug therapies [266].  

 

 8.1 The Fate of Proteomics in CF: Biomarkers Identification 

  In CF, biomarkers can be useful in diagnosis confirmation and/or evaluation of 

disease progression or patient response to therapeutic interventions. Biomarkers as 

predictive indicators of early events of CF pulmonary exacerbations can also be 

applyied as starting point for more aggressive treatments aimed to limit the extension of 

lung damage. However, biomarkers for CF, is still at an early stage of discovery, and 

therefore a research area of considerable interest to the Clinical Proteomics. Several 

concerns must be addressed before conducting biomarker studies in CF. 
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Numerous biological samples and proteomic-based approaches can be chosen 

depending on the type of question addressed (Figure I.8).  

 

 

Figure I.8: Schematic overview on examples of samples and strategies used by 

Proteomics to address the biological question of biomarkers discovery for CF lung 

disease (Adapted from [266]). 

 

 

Some recent works have unravel important information on the proteinaceous 

environment in CF by making use of cell lines [60,212,267-270], transgenic mice [271-

273] and various types of human samples (see next references). In spite of the use of 

these biological samples, human lung tissue would be the ideal biological sample to 

work with in biomarkers discovery when dealing with a respiratory disease as CF. 

However, samples from lung transplantation present a high degree of differentiation and 

degradation, making them unrepresentative of a patient’s native lung tissues. Also, 

collecting lung tissue for investigation studies out of the medical context can raise 

ethical constrains. One alternative to overcome this limitation and be able to profile cell 

and protein content of both upper and lower parts of the respiratory tract is to use 

representative samples of such portions: sputum [224,274-276], mucus [134,277], 

bronchoalveolar lavage fluid (BALF) [232,278,279], airway surface liquid (ASL) 

[131,280] nasal epithelial cells [281,282] or bronchial brushing cells [283]. Studies on 

such human biological samples have reported sets of proteins being differentially 
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expressed in CF when compared with non-CF individuals or with those with similar 

lung pathologies, such as asthma or chronic obstructive pulmonary disease (COPD).  

 Once discvovered, the candidate protein biomarkers should be validated and 

translated into clinical assays, preferentially measurable in samples obtained by rapid 

and non-invasive methods making serum one of the most promising samples to analyze 

[284,285]. Two different complementary approaches have already provided important 

results by screening the serum of CF patients. Srivastava et al. reported a CF-specific 

serum proteomics signature comprising proteins mediators of inflammation from the 

NFκB signalling pathway [167] while Pedersen and co-workers identified 

autoantibodies in serum of CF patients against inflammatory and defense proteins by an 

immunoproteomic approach [275]. The development of protein profiling techniques will 

be able to outline risk factors for susceptible patients, predict how well a patient will 

respond to a particular treatment and monitor improvements made during the course of 

a therapy [286].  

In brief, proteomics will continue to be a key point in CF investigation bringing 

new insights to the elucidation of CF basic mechanisms that will culminate in the 

validation of protein biomarkers with potential clinical interest and translation into 

effective therapies for lung disease.  
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ABSTRACT 

Complementary 2D-PAGE and ‘shotgun’ LC-MS/MS approaches were combined to 

identify medium and low-abundant proteins in sera of Cystic Fibrosis (CF) patients 

(mild or severe pulmonary disease) in comparison with healthy CF-carrier and non-CF 

carrier individuals aiming to gain deeper insights into the pathogenesis of this 

multifactorial genetic disease.   

78 differentially expressed spots were identified from 2D-PAGE proteome profiling 

yielding 28 identifications and postulating the existence of post-translation 

modifications (PTM).  

The ‘shotgun’ approach highlighted altered levels of proteins actively involved in CF: 

abnormal tissue/airway remodeling, protease/antiprotease imbalance, innate immune 

dysfunction, chronic inflammation, nutritional imbalance and P. aeruginosa 

colonization. Members of the apolipoproteins family (VDBP, ApoAI, ApoB) presented 

gradually lower expression from non-CF to CF carrier individuals and from those to CF 

patients, results validated by an independent assay. The multifunctional enzyme NDKB 

was identified only in the CF group and independently validated by WB. Its functions 

account for ion sensor in epithelial cells, pancreatic secretion, neutrophil-mediated 

inflammation and energy production, highlighting its physiological significance in the 

context of CF. 

Complementary proteomics-based approaches are reliable tools to reveal pathways and 

circulating proteins actively involved in a heterogeneous disease such as CF. 

 

Keywords: 

Cystic Fibrosis, Serum Proteome Profiling, 2DE-MALDI-TOF/TOF MS, Shotgun LC-

MS/MS, Label Free Proteomics 
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1. BACKGROUND 

Cystic Fibrosis (CF) is the most common autosomal recessive monogenic 

disease in Caucasians caused by mutations in the gene coding for the CF-

transmembrane conductance regulator (CFTR) protein [1-3]. CF is classically 

characterized by progressive bronchiectatic lung disease, pancreatic exocrine 

insufficiency and male infertility. Although a broad spectrum of disease phenotypes 

exists [4], airway inflammation and recurrent infections leading to respiratory failure are 

the major causes of morbidity and mortality among CF patients and, therefore, the main 

focus of clinical research [2,3,5]. The impairment of CFTR alone does not completely 

explain the complex spectrum of CF clinical phenotypes; hence characterization of 

proteins with new and undefined roles in CF pathophysiology is critical for more 

accurate diagnosis and/or prognosis of this disease [6] as there is accumulating evidence 

that genetic factors other than CFTR significantly influence severity of CF-related lung 

disease [7]. 

Several studies aim to gain a better understanding of proteins and their 

interactions within the lung microenvironment using sputum [8,9] and bronchoalveolar 

lavage fluid (BALF) [10-13] while identifying proteins to serve as biomarkers for 

diagnosis/prognosis of CF. Ultimately, the candidate biomarker(s) will be translated into 

clinical assays for rapid, non-invasive and inexpensive analysis of blood, saliva or urine 

and serum appears as one of the ideal sources for biomarkers due to its low 

invasiveness, minimal cost, easy sample collection and processing [14] and interaction 

with the majority of the body tissues, thus virtually containing any potentially detectable 

combination of all the differentiated sub-proteomes of the body [15-18]. However, the 

complexity and wide protein concentration range, which spans over more than 10 orders 

of magnitude, makes serum one of the most challenging specimens to analyze as a 

whole [17,19]. It is well known that biomarkers are low-abundant proteins with 

concentrations in serum/plasma in the ng/mL to pg/mL range [20] which comprise less 

than 1% of the total plasma proteome [19,21]. To detect these lower abundance proteins 

in serum, efficient throughput depletion strategies and post depletion fractionation are 

necessary [16]. Among the various depletion approaches that have been described [21], 

the immunodepletion-based methods provide the highest depletion selectivity and 

reproducibility [22] that avoid the masking effect of the high abundant proteins and 

allow for more comprehensive identification/quantification of the low abundant ones. 
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The first attempt to discriminate between sera of CF patients and non-CF healthy 

individuals utilized  a microarray-based clinical test of 507 antibodies against low 

abundant intracellular proteins [23]. A CF-specific serum proteomics signature was 

identified and comprised proteins mediators of inflammation from the NFκB signalling 

pathway. In another investigation, an immunoproteomic approach [24] was utilized and 

resulted in the identification of antibodies in serum of CF patients against inflammatory 

and defense proteins. 

Protein identification has become routine with modern mass spectrometers and 

accurate and reliable quantification of differentially expressed proteins is essential to 

validate the candidate biomarkers. Wang et al. and others [25,26] reported a 

quantification method that relies on direct comparison of peptide peak areas between 

LC-MS runs without any isotopic labelling. This called label-free approach showed that 

the intensities of peptide peak signals correspond nearly linearly to their concentrations 

in the sample and that the ratios of peak areas between different LC-MS runs can be 

used for quantification as they reflect relative quantities among samples [15,25]. 

Here we have utilized a complementary analysis of serum proteins by 2D-PAGE 

and a “shotgun” approach using LC-MS/MS to identify differentially abundant proteins 

in sera from patients with CF. The analysis of the 2D-PAGE serum proteome profiles 

resulted in the recognition of 78 differentially expressed spots from which 28 proteins 

were identified and therefore postulating the presence of PTMs. The shotgun proteomics 

approach resulted in the confident identification of over 400 serum proteins from the 

groups under study with (73±5) differentially expressed proteins when comparisons of 

any 2 groups were performed. The combined use of these proteomic approaches enabled 

a complementary view into CF pathogenesis highlighting processes and proteins 

relevant in CF lung disease with potential clinical interest. 

 

2. MATERIAL AND METHODS 

2.1 Patients characterization and sample collection 

Ethical approval was obtained from Instituto Nacional de Saúde Dr. Ricardo 

Jorge and Hospital de Santa Maria.  

Thirty five CF patients with heterogeneous mutations in the CFTR gene under 

clinical surveillance in Pulmonology’s Division were enrolled for this study. All CF 
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patients were free of acute phase of inflammation and under standard respiratory 

treatments, namely nebulized recombinant human dornase alpha (rhDNAse), 

tobramycin and azithromycin to reduce sputum viscoelasticity, control respiratory 

infection and exacerbation and inhibit bacterial proliferation, respectively.  

After informed consent, peripheral blood was collected by veinipuncture into 

anticoagulant-free tube and allowed to clot for 30 min at ambient temperature. Serum 

was isolated by centrifugation at 2000 x g for 10 min and immediately aliquoted and 

stored at -80 ºC. To emphasize proteomic differences among the groups studied while 

eliminating potential individual contributions, equal volumes of serum from all CF 

patients enrolled or those reflecting different stages of CF lung disease (with mild or 

severe respiratory disease) classified based on forced expiratory volume in 1 second 

(FEV1) were pooled according to [27] and summarized in Table II.1.  

By analyzing patients with a multiplicity of mutation’s types, we aim to praise 

significant differences between CF and non-CF groups. Pooled serum samples from 

age- and gender-matched healthy individuals (n=31) and carriers of one mutated CFTR 

allele (n=21) were used for comparison purposes. All healthy individuals were 

previously genotyped for the most common mutations in the Portuguese population [28] 

to confirm that they were non-CF carriers and clinically  evaluated (questionnaires, 

chest auscultation and spirometry) to address respiratory function ensuring a FEV1 ≥ 

80% of vital capacity.  
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Table II.1: Cystic Fibrosis (CF) patients and Carriers demographics and 

stratification into disease severity based on clinical criteria and pulmonary function 

accessed by spirometry [29]. Healthy individuals were chosen to match similar 

demographic conditions as the CF patients. 

 Group 

 CF Patients 

 
Controls 

Total Mild Severe 
Carriers 

n 31 35 11 24 21 

Age (mean ± SD) (30±8) y (27±8) y (27±9) y (27±8) y (45±11) y 

20 F 20 F 7 F 13 F 13 F 
Gender 

11 M 15 M 4 M 11 M 8 M 

Genotype ∆∆∆∆F/∆∆∆∆F (%) NA 7 (20%) 0 (0%) 7 (20%) NA 

Genotype ∆∆∆∆F (%) NA 22 (63%) 8 (73%) 14 (58%) 10 (48%) 

FVC % (mean ± SD) 93 ± 11 77 ± 24 89 ± 23 71 ± 23 --- 

FEV1 % (mean ± SD) 91 ± 12 60 ± 27 80 ± 24 51 ± 24 --- 

Colonization P. 

aeruginosa (%) 
--- 60 45 67 --- 

BMI (mean ± SD) --- 21.1 ± 3.5 22.9 ± 3.6 20.3 ± 3.2 --- 
 

 

2.2 Depletion of the 6 most abundant proteins in serum by an 

immunoaffinity-based method 

There are a number of basic techniques that have been used to eliminate the high 

abundance proteins in serum. Here, we used the Multiple Affinity Removal System 

(MARS) spin cartridge (P/N 5188-5230, 0.45mL resin bed, Agilent Technologies, Palo 

Alto, CA)  with binding capacity for 16µL of crude human serum to remove the six 

most abundant proteins in serum (albumin, IgA, IgG, α-1-antitrypsin, transferrin and 

haptoglobin). According to manufacturer’s instructions, pooled sera were diluted 8-fold 

with buffer A (P/N 5185-5987, Agilent Technologies) supplemented with Protease 

Inhibitor Cocktail Mix (Sigma-Aldrich) diluted 1000-fold (v/v) and filtered through a 

0.22µm pore size filter by spinning at 2320 x g for 5 min at 4 ºC for removal of 

particles. Approximately 200 µL of the diluted and filtered serum were applied on the 

MARS cartridge and spun at 100 x g for 1.5 min at 4 ºC. Column was washed 2 times 

with buffer A followed by spinning at 100 x g for 2 min at 4 ºC and all the 3 flow-

through fractions were combined and kept on ice all the time. Bound proteins were 

eluted with 2mL of buffer B (P/N 5185-5988, Agilent Technologies) and the cartridge 
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was re-equilibrated with 4 mL of buffer A, which was then ready for a new cycle of 

immunodepletion as described. 

 
 

2.3 Desalting and concentration of the flow-through fractions by centrifugal 

ultrafiltration 

Flow-through fractions of the same sample from several cycles of 

immunodepletion were pooled, buffer-exchanged and concentrated using 4 mL spin 

concentrators with 5 kDa molecular weight cut off (Amicon Ultra 4, MWCO 5000Da, 

Millipore). After membrane activation according to manufacturer’s protocol, the sample 

was filtered at 2000 x g at 4 ºC until ≈ 80% of the initial volume and gradually buffer-

exchanged into 25 mM ammonium bicarbonate (NH4HCO3) pH 8.4 by 3 rounds of 

addition of the buffer (ensuring removal of ≈ 99% of salts), with centrifugation at 2000 

x g for 30 min at 4 ºC until a final volume of ≈ 300 µL. Removal of the high abundant 

proteins was confirmed by the analysis of the flow-through and bound fractions by 1-D 

SDS-PAGE (data not show). Protein concentrations were established using a BCATM 

protein assay kit (Pierce). These samples were stored at -80 ºC until further use for 2-

DE and LC-MS/MS analysis. 

 

2.4.1 2-D Electrophoresis 

2-DE was carried out essentially as previously described [5]. Approximately 600 

µg of protein from the immunodepleted serum samples were resuspended in IEF buffer 

[7 M urea, 2 M thiourea, 4 % (w/v) CHAPS, 60 mM (w/v) DTE, 0.75 % (w/v) 

ampholine 3.5-10.0, 0.25 % (w/v) ampholine 4.0-6.0)  before loading onto precast 18 

cm-long ImmobilineTM DryStrips (GE HealthCare) with a non-linear wide range pH 

gradient (pH 3-10). Proteins were focused for a total of ≈ 100 kVh, during which the 

voltage was gradually increased up to 8000 V for a total of 39 h. 

The second dimension, SDS-PAGE, was resolved overnight on 8-16 % linear gradient 

polyacrylamide gels at 10 ºC with constant 3.5 W per gel in an Ettan DALTwelve 

System (GE HealthCare). After electrophoresis, gels were stained with Coomassie 

Brilliant Blue (CBB) as previously described [30]. A total of four 2DE gels per group 

were run. 
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2.4.2 2-DE maps analysis 

In total, 20 CBB-stained 2-DE gels were digitalized on ImageScanner (GE 

HealthCare) and the obtained images converted into greyscale 14-bit TIFF files, which 

were then analyzed on Progenesis SameSpotstTM version 2.0 (NonLinear Dynamics) 

image analysis program. Normalized spot volumes, i.e., the volume of each spot over the 

volume of all spots in the gel, were used for comparison of the different clinical groups. 

Quantitative differences were assessed using an analysis of variance (ANOVA) test for n 

observations, where n is the number of groups under analysis. Spots displaying at least a 

1.5 fold difference in protein expression were considered statistically significant for 

p<0.05 and excised for identification by MS.  

 

2.5 In-gel digestion and protein identification by combined MS + MS/MS 

Differentially expressed spots were excised from the gel and submitted to in-gel 

digestion prior to identification by MS as described [31,32]. Tryptic peptides were 

deposited on a 192-well MALDI plate with 5 mg/mL α-CHCA (LaserBiolabs, 1:1) in 

0.1 % TFA/60 % ACN (v/v) and allowed to co-crystallize at ambient temperature. 

 Peptides were analyzed by MALDI-TOF/TOF MS (ABI 4700 Proteomics Analyzer, 

Applied Biosystems). Internal calibration, data acquisition, processing and 

interpretation were carried out according to [33] using vendor’s software packages 

(4000 Series Explorer software v3.0 RC1, ABI and GPS Explorer software v3.5, ABI) 

and a local copy of Mascot search engine (Version 2.0). 

For combined MS+MS/MS analysis, all peptide mass values are considered 

monoisotopic, a MS mass tolerance was set at 50 ppm and a MS/MS fragment tolerance 

set at 0.25 Da. Trypsin was assigned as the digestion enzyme, a single missed cleavage 

site was allowed and carboamidomethylation of cysteinyl and oxidation of methionyl 

residues were assumed as fixed and variable modifications, respectively. A taxonomic 

restriction to human protein sequences was included. For MS, all peaks with a signal to 

noise ratio (S/N) greater than 5 and for MS/MS all peaks with a S/N greater than 3 were 

included in the database search against the SwissProt database (Swissprot 2008.06.09, 

385721 sequences, 19630 human sequences). The criteria used to accept the 

identification was significant homology scores achieved in Mascot (p< 0.05). 
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 2.6 Analysis of the flow-through fractions by nanoRPLC-MS/MS 

200 µg of immunodepleted serum proteins from the several groups under study 

were digested with sequence-grade modified trypsin (Promega, Madison, WI, USA) in 

25 mM NH4HCO3 at an enzyme to protein ratio of 1:50 and each sample was incubated 

for 12-16 h at 37 ºC. Digestion was stopped by adding TFA to a final concentration of 

0.1 % (v/v) and samples were desalted by solid phase extraction (High Performance 

Extraction Disk Cartridges, Empore, 3M) according to the manufacturer’s protocol. 

Digests were filtered 3 times to maximize recovery and the peptides were eluted twice 

with 0.1 % TFA/60 % ACN (v/v) before vacuum centrifugation to dryness.   

Peptides were dissolved in 0.1 % TFA (v/v) and analyzed in triplicate by nanoflow 

RPLC coupled online with a LIT mass spectrometer (LTQ-XL, ThermoFisher Scientific 

Inc., San Jose, CA). Separation of the peptide digests was performed using integrated 

ESI-capillary RP columns (75 µm ID x 360 µm OD x 100 mm length) packed in-house 

with 5 µm 300 Å pore size C18 RP stationary phase (Jupiter, Phenomenex, Torrance, 

CA). Mobile phase flow was supplied by a nanoflow HPLC system (Ultimate 3000, 

Dionex Corporation, Sunnyvale, CA). After injection, the column was washed with 98 

% mobile phase A [0.1 % FA (v/v)] for 30 min and peptides were eluted by 

development of a linear gradient from 2 % to 42 % mobile phase B [0.1 % FA (v/v) in 

ACN] in 140 min, then to 98 % B in an additional 20 min, all at a constant flow rate of 

250 nL/min. The MS was operated in data-dependent MS/MS mode in which each full 

MS scan (scan range of m/z 350–1800) was followed by seven MS/MS scans where the 

seven most abundant peptide molecular ions dynamically determined from the MS scan 

were selected for tandem MS using a relative CID energy of 30 %. Dynamic exclusion 

was utilized to minimize redundant selection of peptides for CID. 

 

2.7 Data Analysis  

The online tool FindMod (ww.expasy.org/tools/findmod.html) was used to 

predict post translational modifications (PTMs) on unassigned peaks from MALDI-

TOF/TOF MS analysis. This tool calculates the differences between experimentally 

determined peptide masses and theoretical masses calculated from a specific protein 

sequence and allocates them to the 22 types of PTMs existent in the UniProt knowledge 

base.  
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Tandem mass spectra were searched against the UniProt human proteome 

database (http://www.expasy.org; 01/08 release) using SEQUESTTM (ThermoFisher 

Scientific Inc.). Peptides were considered legitimately identified if they achieved 

specific charge state and proteolytic cleavage-dependent cross-correlation (XC) scores 

of 1.9 for [M+H]1+, 2.2 for [M+2H]2+, and 3.5 for [M+3H]3+, and a minimum delta 

correlation score (∆Cn) of 0.08. Protein abundances were calculated by comparing total 

spectral counting values across analysed conditions. 

PIKE (Protein Information Knowledge Extractor, 

http://proteo.cnb.uam.es:8080/pike/) software was used to combine the available 

information about each protein using different databases. This open-source tool 

retrieves a set of biological information such as gene name, subcellular location, tissue 

specificity, function and association with disease. 

Ingenuity Pathways Analysis (Ingenuity Systems®, www.ingenuity.com, IPA) 

software was used to integrate the identified proteins into signaling pathways with 

biological meaning. Datasets containing gene identifiers and corresponding expression 

values were uploaded and mapped to their gene object in the IPA’s knowledge base. 

Networks of these genes were then algorithmically generated based on their 

connectivity and interactions. Functional analysis identified the most significant 

molecular and cellular functions and/or disorders to each dataset.  

Reactome [34] (www.reactome.org), a freely available curated pathway 

database, was also used for integrate identified proteins into networks with biological 

significance. 

In order to characterize each dataset, a list of all GO terms (separated by GO 

type) annotated to proteins in that dataset was obtained from the GOA-UniProt database 

(as of the December 2007 release) and the frequency of annotation of each term within 

the dataset was calculated. The information content (IC) of each GO term was 

calculated to measure its specificity (i.e. the level of detail with which it characterizes 

the set), according to the expression: 
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where ft is the frequency of annotation of the term within the full GOA-UniProt 

database (an estimation of its probability of annotation) and NTotal is the total number of 

annotations of the respective GO type in the GOA-UniProt database (a normalizing 

factor, so that the IC is obtained in the 0-1 scale). 

To measure the statistical significance of the occurrence of each term within each 

dataset, an e-value was calculated by estimating the probability of a random set of 

proteins having for that term a frequency of annotation greater than the frequency 

obtained in the real set. 

Assuming that the proteins in a random dataset are independent, the probability of a 

given number of proteins having a specific term (successes) and the remaining proteins 

not having it (failures) is given by a binomial distribution: 
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where x is the number of successes (i.e. the number of proteins in the dataset annotated 

with the term), n is the size of the dataset, and ft is an estimation of the probability of 

annotation of the term, as discussed above. 

Thus, the e-value is given by the expression: 
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(Note: The e-values were calculated using Microsoft Excel’s function for the binomial 

distribution). 

With these parameters, the characterization of each dataset is complete, allowing 

us to identify the GO terms which are significantly overrepresented in the dataset and 

the most informative among those. 

 

2.8 Biochemical validation 

30 µg of serum’s depleted fractions of the groups under analysis were separated 

on 4-12 % (w/v) polyacrylamide gels, transferred to nitrocellulose membranes 

(Schleicher&Schuell) and analyzed by western blot, each triplicate analyzed in 

independent gels. Membranes were probed with mouse monoclonal anti-NME2 
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(Abcam) diluted 1:1000 in PBS supplemented with 5 % (w/v) fat free milk for 2 h at 

ambient temperature and developed using chemiluminescence-ECL (Pierce). The 

abundance of selected protein was calculated from densitometry of immunoblots using 

Progenesis PG200v2006. 

Alpha-1-antitrypsin, complement C4 and ceruloplasmin were measured in 

individual sera by a nephelometric assay using Beckman Coulter Array® Systems kits 

for the specified proteins and Immage® 800 instrument (Beckman Coulter). 

Apolipoproteins A-I and B were determined in individual sera from all the individuals 

enrolled by an immunoturbidimetric assay using Cobas® Integra Tina-quant kit and 

Cobas® Integra 400 instrument (Roche). Statistical analysis between groups was 

performed using the ANOVA test or Kruskal-Wallis test and values of p<0.05 were 

assumed as significant. Tukey´s Test or Dunn’s Multiple Comparison Test were 

performed across all groups to investigate differences between them using GraphPad 

Prism (v.4.02 GraphPad software). 

 

3. RESULTS 

Serum plays a central role in biomarker discovery studies because it is likely to 

contain valuable pathophysiological information as it perfuses all of the body’s tissues 

[15,16,18,35]. However, due to wide dynamic range of protein concentration, 

prefractionation and enrichment techniques are generally applied to enable detection of 

proteins at lower abundance levels. Here, we employed complementary gel- and 

solution-based MS approaches to perform a comparative proteomics analysis of 

immunodepleted serum from CF patients in comparison with healthy non-CF 

individuals and CF carriers. Enrolled individuals were grouped according to their 

genetic background (mutational-based analysis) and assigned as controls (e.g., no 

mutations found in the CFTR gene and normal pulmonary function), carriers of one 

mutated CFTR allele and CF patients bearing two identified mutations. The CF patients 

were further sub-grouped as mild or severe CF according to their pulmonary function 

assessed by spirometry and clinical criteria [27]. Individual serum samples were pooled 

prior to depletion to emphasize proteomics differences while diluting potential 

individual contributions (Table II.1). 
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3.1 2-DE of depleted serum fraction 

The immunodepleted protein fractions were resolved by 2-DE using IPG strips 

with a wide pH range (3-10 NL) in the 1st dimension and 8-16% polyacrylamide 

gradient gels in the 2nd dimension and the obtained maps were visualized by CBB 

staining (Figures II.1.1 and II.1.2). Four gel replicas per group under comparison were 

run and gel images were analyzed using Progenesis SameSpotsTM software. After spots 

alignment across gels, statistical analysis was performed on the normalized volume 

differences. Comparison of 2D-gel images of controls with carriers and CF patients 

resulted in recognition of 25 and 10 differentially abundant protein spots (fold ± 1.5; 

p(ANOVA) <0.05), respectively. 19 differentially abundant spots were found between 

carriers and CF patients (Table II.1.1SD). We also considered spots with a fold 

difference of ± 1.3 for excision and identification due to spots proximity or local low 

resolution. Spots were excised, digested and 23 unique proteins were identified by 

MALDI-TOF/TOF MS (Figure II.1.1 and Table II.2.1SD). When CF patients with 

different stages of lung disease were compared, 24 differentially abundant protein spots 

were found (Table II.1.2SD), corresponding to the identification of 16 unique proteins, 

most of them also identified when controls, CF carriers and patients were compared 

(Figure II.1.2 and Table II.2.2SD).  
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Figure II.1.1 and II.1.2: 2-DE reference map of serum depleted from the six most 
abundant proteins from the mutational-based analysis and respiratory-based analysis, 
respectively, with the indication of the differentially expressed protein (ANOVA test, 
p<0.05; 4 gel replicas per group, total 20 gels). Highlighted protein spots were 
identified by MS (Tables II.2.1 and II.2.2SD). 
 

Identified proteins such as complement C4, complement factor B and I, 

apolipoprotein A-I, ceruloplasmin or transthyretin belong to the category of medium 

abundant proteins whereas CD5 antigen-like, inter-α-trypsin inhibitor heavy chain H4, 

hemopexin or β-2-glycoprotein are believed to belong to the class of borderline or low 
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abundant proteins [36], showing that depletion is a suitable sample preparation to go 

deeper into the proteome of such complex sample. Different spots resulted in the 

identification of the same protein and therefore we postulate the existence of PTMs or 

protein isoforms. Retrieved results from FindMod showed high probability of some 

proteins being modified (Table II.3.1SD). α-2-macroglobulin, for example, is predicted 

to be modified in different stages of CF lung disease but unmodified when comparing 

controls with carriers and CF, suggesting that PTMs pattern might be significant in the 

severity of the pathology. The putative deamidated form (spot 4) was found to be up 

regulated in CF patients with severe lung disease while one of the putative 

phosphorylated specie (spot 116) was down regulated in the same condition. 

Complement C3 is predicted to have a trimethylated modified lysine residue (spot 94) 

that is down regulated in carriers in comparison with controls and CF patients (similar 

levels in these 2 groups) and an acetylated form (spot 196) down regulated in carriers 

and CF patients in comparison with healthy individuals (similar levels in carriers and 

CF patients). No PTM was predicted for this protein when different stages of CF lung 

disease status were considered. Haptoglobin was by far the protein identified in a bigger 

number of spots, 15 in total. Predicted PTMs for this protein include deamidation, 

mono- or dimethylation and modification of lysine residues. Other examples of proteins 

potentially modified include serotransferrin, albumin, inter-α-trypsin inhibitor heavy 

chain H4, complement C4, complement factor I and β-2-glycoprotein. Differences in 

the patterns of modifications might be responsible for different functions and/or 

activities of proteins with virtual relevance in the disease phenotype. 

 

3.2 1D-RPLC-MS/MS 

Immunodepleted serum samples were digested with trypsin and peptides 

analyzed recursively by LC-MS/MS. Protein abundances were inferred by the label-free 

methodology of spectral counting [25,26]. The identified proteins in the control group 

were used for both mutational and respiratory-based comparisons. The total spectral 

counts (TSC) was very similar across samples (median = 1759; relative standard 

deviation = 15%), reinforcing the ability to reliably compare protein abundances. The 

false discovery rate (FDR) calculated by searching the data against a decoy database 

was 5.3%. 
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A total of 1593 and 1628 proteins were identified in mutational and respiratory-

based analysis, respectively (Tables II.4.2SD, II.4.3SD and II.5SD). However, only 327 

proteins were identified by at least 2 peptides and considered for relative quantification 

in both types of analysis [20% of total identifications]. Of those, 72 and 79 were found 

differentially expressed when carriers and CF patients were compared with healthy 

individuals, respectively, while 73 were differentially expressed in CF compared with 

carriers. 68 proteins presented altered abundances when CF patients with severe or mild 

pulmonary disease were compared (Table II.2). 

 

Table II.2: Total proteins identified in the depleted fraction of serum by 1D RPLC-
MS/MS using a label-free approach. The number of differentially expressed proteins in 
mutational-based analysis was obtained in comparison with Controls while in 
respiratory-based analysis only the two stages of pulmonary function were considered. 

 

Groups 
# identified 

proteins 

≥ 2 peptides 

(%) 
 

Mutational Analysis 1593 327 (21%) ≠≠≠≠ Expressed 

- Controls 763 187 (25%) --- 

- Carriers 746 175 (23%) 72 (↑ 32 and ↓ 40) 

79 (↑ 34 and ↓ 45) (with 
Controls) 

- CF Patients 569 151 (27%) 
73 (↑ 27 and ↓ 46) (with 

Carriers) 

Respiratory Function 1628 327 (20%) ≠≠≠≠ Expressed 

- Mild CF 664 165 (25%) --- 

- Severe CF 722 163 (23%) 68 (↑ 25 and ↓ 43) 
 

Ten proteins were simultaneously identified by 2-DE and LC-MS/MS (Figure II.2). 

 

Figure II.2: Total proteins identified in LC-MS/MS (by at least 2 peptides) and 
in 2-DE experiments. 

10 18 559 

LC 2-DE 
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3.3 Subcellular Location and Functional Characterization 

The obtained datasets were submitted to PIKE for cellular location. Within the 

annotated proteins, their cellular location is found to be spread throughout several 

cellular compartments, with cytoplasmic, nuclear and membrane proteins similarly 

represented. A significant amount of proteins had no information annotated (37%) 

whereas 5% were classified as mitochondrial or as belonging to ER or Golgi (Figure 

II.3), compartments typically associated with proteins synthesis and/or maturation.  

 

 Figure II.3: Graphical representation of the subcellular location of the identified 
proteins by label-free LC-MS/MS according to PIKE software. 
 

Functional semantic similarity between proteins (GO terms) was calculated by 

ProteInOn [37]. A statistical score was applied to quantify the representativeness of a 

GO term in the set of proteins and rank the results according to how well a given GO 

term describes that set. This tool highlighted important biological processes directly 

related with CF (Table II.6SD), namely ER overload response, cellular response to 

stress, exacerbated inflammatory response or wound healing, functions highly 

associated with CF condition. 

Since our aim was to compare three conditions at a time (controls in comparison 

with carriers and those with CF patients or controls with CF patients with mild or severe 

lung disease), graphical expression profiles were establish to provide a wider overview 

of the expression tendencies among compared groups (Tables II.7.1SD and II.7.2SD). 

Only 2 proteins showed an increased expression from controls to carriers and CF 

patients. Vinculin is increased in relative abundance by 2- and 20-fold in carriers and 

CF, respectively, and might play a role in cell morphology, locomotion and cell 

adhesion. Aspartyl-tRNA synthetase is a phosphoprotein involved in protein 
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biosynthesis and in protein complex assembly and is increased in relative abundance by 

1.5- and 2-fold in carriers and CF patients, respectively.  

As respiratory function is concerned, proteins involved in antioxidant defense 

(selenoprotein P and serum paraoxonase/arylesterase 1) and in lung development 

(molecular chaperone TCP1 and β-catenin) were found to have lower abundances in 

patients with severe lung disease. 

Several proteins involved in lipid metabolism or related with nutritional status 

were down regulated in carriers and CF patients, such as apolipoproteins or vitamin D-

binding protein while variable expression profiles of the several complement 

components were observed. Anti-inflammatory proteins (inter-α-trypsin inhibitors or 

endothelin-1 receptor) show less abundance in CF patients’ serum although with similar 

levels when lung disease severity was considered.  

 

3.4 Signaling pathways and functional analysis 

Ingenuity Pathway Analysis is highly-curated and comprehensive software used 

for integration of proteins into networks and pathways with biological meaning. Among 

those pathways generated, the 10 most significant ones were further explored (Figure 

II.1.1SD and II.1.2SD) and identified proteins with corresponding expression tendencies 

are highlighted. Processes such as antigen presentation, cell and humoral immune 

response, cell-to-cell signaling and interaction and organ morphology were identified as 

significant to the biological question under study. Confirming these results are the 

biological pathways retrieved by Reactome which consisted mainly in activation of 

complement cascade, hemostasis and metabolism of lipids and proteins. 

Several proteins identified here were already described as NFκB interactors, an 

important signaling pathway that strongly contributes to the pro-inflammatory 

phenotype in CF. Although NFκB was not identified in our study, several proteins 

known to interact with it were identified, such as CD180 antigen, BAG family 

molecular chaperone regulator 4 and tumor necrosis factor ligand superfamily member 

9 (Figures II.4.1 and II.4.2).  

Members of the complement system and the apolipoprotein’s family were also 

identified and described as modulating this pathway. Proteins belonging to HSP70 and 

HSP90 systems or ubiquitin were also associated with these relevant biological 
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processes, indicating a propitious environment related to protein maturation and/or 

degradation. Proteins generally associated with inflammatory processes were identified, 

such as inter-α-trypsin inhibitor heavy chain H1, H3 and H4, ceruloplasmin or the 

complement system, all of which may be important because in CF disease pathogenesis 

(Figure II.1.1SD and II.1.2SD). 

 

 
  
 

 

 

 

 

 

Figures II.4.1 and II.4.2: Proteins that interact with NFκB according to Ingenuity 
Pathway Analysis, a signalling factor that makes a strong contribution to the pro-
inflammatory phenotype in CF.  
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3.5 Biochemical validation of differential expression by western blot analysis 

and nephelometry/immunoturbidimetry 

Biochemical validation of NDKB (Mr 17kDa) abundance profile was performed 

by western blot analysis. Equal amounts of pooled samples were loaded in three 

independent gels to avoid inter-gel bias. The abundance levels were quantified in three 

independent experiments using densitometric analysis of immunoblots (Figure II.5A). 

These results unequivocally confirmed the increased abundance of NDKB in CF group, 

as identified by the spectral count analysis of the LC-MS/MS data.  

 

Figure II.5A: Biochemical validation of NDKB protein by western blot in 
pooled serum’s depleted fraction from CF patients (n=35), carrier (n=21) and non-
carrier controls (n=31), respectively (3 independent replicates, Progenesis PG200v2006 
(NonLinear Dynamics was used for densitometry analysis). 
 

Alpha-1-antitrypsin, complement C4 and ceruloplasmin concentrations were 

measured in individual serum samples by a nephelometric assay (Beckman Coulter 

Array® System). Significant differences for α-1-antitrypsin were observed when 

comparing group control with CF carriers and CF patients. No significant differences 

were observed when respiratory function was considered (Figure II.5B). As for 

complement C4, this protein was only identified by 2-DE and showed crescent 

expression when controls, CF carriers and CF patients were compared, pattern also 

observed in nephelometric determinations (Figure II.5C). Ceruloplasmin was identified 

in both 2-DE and LC-MS/MS and differences were only statistically significant when 

carriers and CF patients were compared although an increase tendency was observed 

when healthy individuals are compared with both mild and severe lung disease patients 

(Figure II.5D) in accordance with our findings. 
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Levels of apolipoprotein A-I (Apo A-I) and B (Apo B) were determined in 

individual serum samples using an immunoturbidimetric assay (Cobas®, Roche). 

Significant differences for Apo A-I were observed when comparing controls against all 

CF patients, patients with mild or severe lung disease and controls with severe lung 

disease patients (Figure II.5E). Recommend value (Vrec) for this protein in serum is 

>160mg/dL. Apo A-I levels in controls and carriers groups showed values above this 

threshold while all CF’s group and severe CF’s group revealed concentrations below 

this value. Apo B was determined as significantly different only when carriers and all 

CF patients were compared although a tendency of abundance’s decrease is observed 

when controls are compared with CF patients (Figure II.5F). All the measurements for 

this protein were below the Vrec for Apo B in serum (<150mg/dL) probably due to long-

term storage.  

These results corroborate our observations from 2-DE and/or LC-MS/MS. 
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Figure II.5B-F: Biochemical validation of alpha-1-antitrypsin (B), complement C4 (C) 
and ceruloplasmin (D) by nephelometric assay using Beckman Coulter Array® Systems 
kits and  apolipoprotein A-I (E) and apolipoprotein B (F) by immunoturbidimetric assay 
(Cobas®, Roche), respectively, in serum of the 87 individuals enrolled. Significantly 
different expression values between groups marked with *. 
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4. DISCUSSION AND CONCLUSIONS 

Cystic Fibrosis is a lethal monogenic disease with no curative therapy and most 

patients die from progressive chronic lung dysfunction. The present study was 

conducted to compare serum proteome profiles of healthy non-CF individuals with 

carriers and CF patients and, among these, patients with mild or severe respiratory 

disease categorized by both clinical and spirometry-based criteria. Identification of new 

and more specific biomarkers for this pulmonary disease is of great importance to gain a 

better understanding of this multifactorial pathology as genetic tests alone cannot 

predict the heterology of phenotypes.  

In this work, we used complementary 2-DE and LC-MS/MS-based approaches for 

global detection and relative quantification of medium and low abundant proteins with 

possible biological significance in CF. Biological processes such as tissue destruction 

and abnormal airway remodeling, protease/antiprotease imbalance or innate immune 

dysfunction were highlighted and are in accordance with recent findings [13]. Since 

serum was used as biological sample, the main pathways retrieved by Reactome were 

associated with hemostasis, lipids metabolism and platelet and complement cascade 

activation, as expected. 

 

4.1 NFkB signaling pathway 

The NFκB signaling pathway regulates many aspects of cellular activity, in 

stress-induced and inflammatory response but mainly in pathways of immune response 

[38]. Incorrect regulation of this transcription factor/pathway may cause inflammatory 

and autoimmune diseases, such as arthritis, and makes an important contribution to the 

pro-inflammatory phenotype of CF already described in lung epithelial cells of these 

patients [23,39]. Activation of NFκB is dependent of various stimuli including 

cytokines, stress inducers and/or viral/bacterial proteins. Using pathway analysis 

techniques, some NFκB-interacting proteins were identified including several members 

of the apolipoproteins family, complement system, CD180, BAG4, TNF ligand 

superfamily member 9, α-1-antitrypsin and regulator of G-protein signaling 3. Several 

other proteins such as hemopexin, vinculin, HSPA8, HSP70 and periaxin were also 

identified in this network, indicating possible deregulation in the defense mechanisms 

regulated by this protein complex. Regulation of this pathway is an important 
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phenomenon for preventing and/or attenuating the pro-inflammatory signaling 

properties caused by NFκB and improving clinical manifestations in patients. 

 

4.2 Tissue remodeling and protease/antiprotease imbalance 

It is well documented that pulmonary parenchyma destruction in CF is caused by 

persistent exposure to the action of proteolytic enzymes, such as neutrophilic elastase, 

cathepsin G or proteinase 3 [13,40], resulting in tissue destruction. Our results suggest a 

compensation of this destruction by increasing the levels of cytoskeleton proteins. 

Vinculin, for example, shows an up regulation by 20- and 10-fold in CF patients when 

compared with controls and carriers, respectively, suggesting a state of active tissue 

remodeling. No differences were found in CF patients with mild or severe lung disease, 

but its levels were increased in both conditions when compared with controls. Although 

not lung-specific, this protein is involved in cell adhesion and in the attachment of the 

actin-based microfilaments to the plasma membrane playing important roles in cell 

morphology and locomotion. Other examples of cytoskeleton proteins that are increased 

in abundance in CF patients are radixin (levels not detected in controls but 3 and 2 

peptides identified in carriers and CF patients, respectively), tropomyosin-4 (3-fold), 

paladin (2-fold), myosin VIIa (2-fold) and dedicator to cytokinesis protein 1 (1.6-fold). 

Their involvement in cytoskeletal rearrangements, regulation of cell migration and 

adhesion and localization where actin remodeling takes place are strongly suggestive of 

processes at work to overcome the tissue destruction observed in CF patients [41].  

Corroborating this tissue remodeling hypothesis is the observed decreased 

abundance level of α-1-antitrypsin. This protein was identified in both 2-DE and LC-

MS/MS and found to be consistently decreased in abundance in carriers and CF patients 

but with no significant changes when the respiratory function was concerned. Only 

significant changes were observed in 2-DE spots when carriers were compared either 

with controls and CF patients thus confirming the previous result. α-1-antitrypsin is an 

antiprotease which main function is to inactivate neutrophils and inhibit neutrophil 

elastase, cathepsin G and proteinase 3, proteins already described as implicated in the 

tissue injury characteristic of CF lung disease [13,40]. Lungs of CF patients are 

constantly under an inflammation condition with recruitment and activation of 

neutrophils, promoting elastase’s release and consequent destruction of pulmonary 

parenchyma [42]. Although considered an acute phase protein, α-1-antitrypsin has an 
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important function preventing this destruction acting as an antiprotease and anti-

inflammatory agent in the lungs [43,44]. Several spots were identified as α-1-antitrypsin 

in 2-DE but no PTM was undoubtedly assigned by FindMod in-silico prediction 

probably due to other intracellular processing events and/or multiple PTMs per peptide 

that were not considered by the software. In CF, aerosol treatment with α-1 protease 

inhibitor has proven to restore the protease-antiprotease imbalance and suppress 

bacterial proliferation, reducing inflammation and tissue damage arising from chronic 

neutrophil activation. α-1-antitrypsin, along with 3 other serum proteins, was 

collectively evaluated and correctly discriminated lung cancer patients from healthy 

individuals [45-47]. 

Another group of differentially expressed proteins identified here was inter-α-trypsin 

inhibitors (ITI), namely heavy chains H1, H3 and H4, the latter identified by 2-DE and 

LC-MS/MS. Proteins of this family are believed to be present at medium to low 

abundance in serum and little is known about their function except the ability to bind 

hyaluronic acid in the extracellular matrix. Studies revealed that ITI levels in serum of 

septic patients were significantly lower than those found in healthy individuals [48] and 

that these proteins reduce the complement-dependent lung injury in vivo [49], 

promoting bronchial epithelial repair [50]. ITIH4 in particular was already identified as 

less abundant in COPD patients [51], although authors could not establish a linear 

correlation between levels of this protein and the pathology. In our study, ITI proteins 

were found to have decreased abundance in carriers and CF patients with similar 

expression level when respiratory function was considered. It is known that CF patients 

have recurrent lung infections and that several organs are affected and ITI levels might 

reflect this generalized state of inflammation as similarly to the septic patients analyzed. 

Also, and in accordance to Garantziotis et al. and Adair et al., reduced levels of ITI 

might not inhibit complement activation so efficiently, perpetuating complement-

induced lung injury, nor be able to restore the damaged lung epithelia. 

 

4.3 Innate immune dysfunction 

Differential abundance levels of the various components of the complement 

system were observed in serum of CF patients. Several components of this system, 

which acts in defense against infection and as anti-inflammatory agents, were identified: 
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increases in complement C5, C9 and C1s subcomponent, and decreases in C3, C3/C5 

convertase and C6, suggesting that the innate immune system may be important in the 

development of the disease. Complement C3 was identified as differentially expressed 

in several gel spots (11 in total), 9 of them decreased in abundance. In two spots, PTMs 

were predicted in-silico as acetylation (spot 196) and lysine modification (spot 96). 

Decreased levels were also observed by LC-MS/MS. Complement C3 has been 

described as protective against the Pseudomonas aeruginosa  in a murine model of 

pneumonia due to C3-mediated opsonization and phagocytosis of bacteria [52]. Also, 

complement C3 has been implicated in diseases that share features with CF, such as 

asthma [53], corroborating the obtained results. On the other hand, complement C5 was 

found to be increased in abundance in CF patients and slightly decreased when 

respiratory function was considered. Complement C5 is a central mediator in the 

complement activation cascade and mediator of local inflammatory processes, inducing 

vascular permeability and acting as chemoattractants to recruit immune cells toward 

sites of infection. It is known to be associated with direct tissue injury and immune 

deregulation [54,55] and patients with dysfunction of C5 display an increased 

propensity for severe recurrent infections [56,57]. Also, C5-deficient mice revealed 

higher mortality rates when infected with P. aeruginosa [58,59]. A relevant number of 

the CF patients analyzed here (60%) were infected with P. aeruginosa showing the 

relevance of the complement system in defense against pathogenic organisms in the 

lungs. Other studies however showed that C5 was significantly decreased in the BALF 

of CF individuals [13]. In the same study, complement C2 was undetectable in BALF 

by both MS and immunoblotting and its deficiency was associated with recurrent 

respiratory infections during childhood and adolescence. The present results corroborate 

this earlier observation as C2 was not identified here. However, complement C6 was 

identified as decreased in carriers and CF patients as well as in mild and severe lung 

disease groups. Association between C6 and lung function has already been described 

[60] where it has been shown that elevated levels of this component are present in 

human BAL after LPS exposure, although levels might differ from those in serum. 

Overall, the present results suggest that deregulation of the complement system may 

have a role in the pathophysiology of CF with concomitant inability to respond to 

chronic infections typical of CF lung disease or perpetuating tissue damage. 
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4.4 Oxidative stress and nutritional status 

Several studies suggest that ceruloplasmin might have a protective function 

against free radicals-mediated damage in plasma [61] and lung [62] and that levels of 

this protein increase during inflammation, trauma and some malignancies. However, 

recent studies from our group [63] and others [64] showed no statistically significant 

differences in seric ceruloplasmin concentrations between CF patients and healthy 

individuals. Using a proteomics approach, we also did not observe significant 

differences in ceruloplasmin levels. A nephelometry-based assay showed differences 

only when carriers were compared with CF patients and an increase tendency when 

respiratory function of the enrolled patients is concerned, corroborating our findings. In 

spite of these results, antioxidant functions are undoubtedly attributed to ceruloplasmin. 

Although levels of this protein are not altered in CF patients, its activity and/or cellular 

location [65] might be relevant for the oxidative stress imbalance evidenced in these 

patients [66]. 

Another protein identified by both 2-DE and LC-MS/MS with established 

correlation with CF is the nutritional maker vitamin D-binding protein. This protein has 

shown to be decreased in carriers and CF patients, indicating inadequate and 

imbalanced nutritional status of these patients [67]. Unlike transferrin, transthyretin 

(TTR) and plasma retinol binding protein (PRBP), serum vitamin D-binding protein 

concentration seems to be independent of infection or inflammation, making it a 

potential indicator of the nutritional status in CF. These other three proteins were also 

found to be decreased in carriers and CF patients and, except for TTR, were only 

identified by 2-DE. Recent work from Chatterji et al. [68] showed inversed results with 

the levels of these proteins being up regulated in serum of a c-myc transgenic mice 

model. However, Roberts et al. [69] demonstrated that lower levels of TTR coincide 

with lower levels of retinol and PRBP and have been reported in ovarian cancer. 

Previous work from our group [70] has shown that retinoic acid metabolism, an 

important pathway in organ development and homeostasis including the lung, is altered 

in CF mutant mice lungs’ recovered after  naphthalene-induced injury, providing 

evidence that the decreased abundances of proteins identified here might be involved in 

tissue remodeling/repair. Lower levels of PRBP were also observed in COPD patients 

[51] and are in accordance with our own findings. 
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Apolipoproteins are another major proteins family that was identified to be 

deregulated in CF patients. These proteins function primarily as lipid-binding proteins 

involved in the regulation of the intravascular metabolism prior to their tissue uptake 

[68]. ApoA-I, ApoB and ApoE were identified as gradually decreased from non-CF 

carriers to healthy CF carrier individuals and from those to CF patients while reduced 

levels of ApoC2 and ApoF were observed in CF patients when compared with both 

healthy controls and carriers. Unaltered levels of ApoA4, ApoC3 and ApoL1 were also 

observed. Regulation of subclasses of apolipoproteins has been reported in some 

malignancies, namely ApoE which regulation was already described in colorectal [71], 

pancreatic [72] and lung cancer of c-myc transgenic mice [68], or ApoA-I which over 

expression has been implicated in breast and lung cancer [73,74]. Differential behavior 

is observed for this protein when its levels are compared in some respiratory diseases: 

higher levels of ApoA-I are found in asthma [75] and decreased expression has been 

reported in serum and BAL of adult smokers [76,77], with possible implications in 

COPD’s development and progression. Moreover, ApoE was even recently considered a 

candidate biomarker for COPD [51], with increased levels in plasma of patients with 

this pathology due to its correlation with cardiovascular diseases that are high-

prevalence comorbidities of COPD. ApoB is also associated with high risk for 

cardiovascular disease but its function as a barrier against infection was already 

described. Mice deficient in plasma apolipoprotein B are more susceptible to invasive 

Staphylococcus aureus infection [78], suggesting a role of essential innate defense 

barrier against this pathogen that also colonizes CF patients’ lungs. Decreased levels of 

this protein in serum of CF patients as evidenced here might contribute to this 

susceptibility to aggressive S. aureus infection. Although specific role of the various 

Apo’s remains to be elucidated in CF, altered levels of several apolipoproteins might be 

related with the oxidant/antioxidant imbalance verified in CF patients and poor nutrition 

status as well as new functions in infection by opportunistic pathogens. 

 

4.5 Inflammation 

Another lipoprotein identified as differentially abundant was serum amyloid A4 

protein (SAA4). SAA4 was found to be down regulated in CF patients with no 

significant level changes in carriers, controls and when CF lung disease was accessed. 

Serum concentrations of this protein showed no correlation with other apolipoproteins, 
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such as ApoA-I, ApoB or ApoE, and that it is minimally induced by inflammation, 

when compared with SAA. Some authors have proposed SAA4 as a nutritional indicator 

with restrictions in a non-inflammatory state [79]. Although traditionally associated 

with Down’s syndrome and Alzheimer’s disease, correlation of SAA4 with CF has not 

been established. However, a member of its family, SAA, has already been associated 

with CF lung disease [80] and was also identified in this study only in the CF group, 

probably reflecting impairment of lung disease due to active P. aeruginosa infection. 

Endothelin A receptor (ETA) was identified as lower abundant in CF patients in 

comparison with carrier and non-carrier controls, which have similar levels of 

abundance, although with low peptide counts in our samples (2 peptides in non-carrier 

and carrier controls and 1 in CF patients). Antagonists of this receptor have been 

implicated in attenuating pulmonary inflammation [81] and reducing smoke-related 

lung injury, caused by neutrophil recruitment and adhesion to pulmonary vascular 

endothelium [82] with putative interest in COPD. Involvement in CF is also expectable. 

 

4.6 BiP and NDKB: Role in CF 

All the proteins described so far have been demonstrated to be actively involved 

in several biological processes that are known to be altered in the pathogenesis of CF, 

namely defense response and immunity, complement activity, inflammation and wound 

repair. However, two of the proteins identified using the label free LC-MS/MS approach 

appear to have a central role in CF disease. Heat shock 70kDa protein 5 (HSPA5) and 

nucleoside diphosphate kinase B (NDKB) were both identified exclusively in the CF 

group with low counts revealing physiological low abundance of these proteins in 

serum. HSPA5, also known as glucose regulator protein 78kDa (GRP78) or BiP, is the 

main unfolded protein response (UPR) or stress sensor in cells [83]. BiP is also 

associated with trafficking, degradation and function of proteins including CFTR, 

playing an important role in protein processing [84]. UPR is induced in cell lines 

overexpressing the misfolded F508del-CFTR [85-87]. It is known that CF causes 

inflammation and cellular stress in several organs and therefore it is not surprising that 

BiP is elevated in serum of these patients. Its identification in CF circulation by this 

approach is an important finding of this study. BiP-associated protein was also 

identified only in the CF group by two peptides, emphasizing the role of the 

‘proteinaceous’ environment in protein folding and maturation. 
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On the other hand, NDKB is a multifunctional enzyme which location and 

function are both complex and controversial and its identification only in serum of CF 

patients provides a strong hint of its importance in disease development, based on the 

functions described. In the cytosol, NDKB exists as a hexamer, whereas in the 

membrane monomers are described to bind G proteins and a variety of enzymes related 

to cellular energy production/utilization [88]. This protein was described as present in 

ovine [89], murine and human airway epithelium [90] and functions such as regulation 

of pancreatic secretion, neutrophil-mediated inflammation or energy generator have 

been described, suggesting that it might have an integrative role in the membrane 

channel function via ions as second messengers. In fact, this concept of NDKB as an ion 

sensor is of great relevance for the airway epithelium which undergoes rapid changes in 

tonicity (due to temperature or humidity) with potential to disturb the composition of 

the airway surface liquid bathing the cilia and consequently the control of mucus 

clearance in the lung. It has been shown that phosphorylation (and activity) of NDKB is 

differentially regulated by Cl- and Na+ [91], electrolytes which transport is altered in CF 

lung disease [92,93]. It was also proved that the activity of NDKB is abnormally low 

and dysfunctional in CF but restorable by retinoic acid [94,95]. Muimo et al. [89] 

showed that NDKB is mainly localized in an enriched apical membrane fraction from 

airway epithelium [96], localization that it shares with CFTR. This cellular locale is 

critical for ion transport, volume regulation and fluid secretion, processes all known to 

require protein kinases, Cl- and GTP, all of which  are imbalanced in CF. Other 

functions attributed to this protein account for cell growth, development and 

differentiation [89], tumor metastasis suppression [97] and promotion of epithelial cells 

proliferation [98]. In our study, NDKB was only identified in the CF group, probably 

indicating imbalanced electrolyte transport and active remodeling processes in affected 

epithelia. Its differential behavior and role in CF provide strong evidences that support 

the notion that NDKB might aid understanding of the pathogenesis of CF lung disease. 

 

5. SUMMARY 

In summary, the present investigation demonstrates that complementary gel-

based and gel-free MS approaches are reliable tools to gain in-depth information on 

proteins actively involved in CF pathophysiology. The results reported here show that 

differences in the abundance level of several proteins are evident when comparing 
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serum of non-carrier controls and CF patients, revealing processes such as tissue 

remodeling, complement system dysfunction with consequent impairment on defense 

mechanisms and chronic inflammation, nutritional imbalance and P. aeruginosa 

colonization. Several studies confirmed these altered biological processes as implicated 

in the pathogenesis of CF, thereby corroborating the present findings. Future studies 

using a wider cohort of patients and orthogonal/complementary techniques will be 

beneficial to further verify and validate a serum proteomic signature to allow efficient 

discrimination of healthy individuals from CF patients and, ideally, from other chronic 

lung diseases. The present investigation represents a crucial a step-forward in 

characterization the complex changes in the serum proteome of CF patients with 

potential clinical importance. Although specific markers for CF were not found, several 

inflammatory-related proteins were highlighted contributing to elucidate the higher 

susceptibility of CF patients to some diseases as they seem to have a permanent 

activated inflammatory response. 
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Chapter III 

 

Changes in the proteome of CF’s 

RBC membranes reveal altered 

RBC’s scaffold and shape 
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ABSTRACT 

The influence of CF on red blood cells (RBC) normal physiology is not yet fully 

understood. Wild-type CFTR facilitates a deformation-induced ATP release in RBC that 

activates NO synthesis causing vessel dilation, condition that is absent in CF patients’ 

RBC and might cause pulmonary hypertension. Therefore, investigating changes in 

RBC proteome can be a reliable tool to better understand CF.  

Methanol-facilitated proteins’ extraction combined with label-free LC-MS/MS was 

used to identify differences in abundance of membrane proteins from RBC isolated 

from peripheral blood of CF patients with mild or severe pulmonary disease in 

comparison with healthy CF-carriers and non-CF individuals. From a list of 520 

proteins, 178 of them were further investigated in terms of biological function and 

relevance in the disease. Proteins involved in cytoskeleton rearrangements (CTSG, 

FLOT1, FLOT2, STOM, spectrins, ANK1, ACTB, GYPA, GYPC, EPB41, EPB42), 

antioxidant (CAT, MPO, EPX, PRDX1, PRDX2) and transport activities (SLC4A1, 

SLC4A2, SLC2A1, SLC2A4, SLC16A1, SLC2A14, HBD, HBG1, HBA1, HBB) were 

retrieved as highly significant in processes taking place in CF, corroborating previous 

studies and emphasizing their relevance in the context of CF. 

Proteomic investigation of mRBC in the context of CF provided extra understanding of 

the complex changes that characterize this monogenic disease. 

 

Keywords: Cystic Fibrosis; Red Blood cells; Two-Dimensional Liquid 

Chromatography coupled to Mass Spectrometry; Functional Analysis 
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1. BACKGROUND 

Mature erythrocytes, or red blood cells (RBC), are 8-µm biconcave disks 

bounded by a plasma membrane that constitute the most abundant solid component of 

blood. These enucleated cells are the end stage of a process of maturation that starts in 

the bone marrow till the mature forms that have a life span of around 4 months in 

circulation, delivering oxygen to tissues in exchange of toxic carbon dioxide. The 

RBC’s membrane (mRBC) is formed by almost equally amounts of lipids and proteins, 

creating a network constituted mainly by glycophorin A, band 3 protein, spectrin, actin, 

ankyrin, among others, and phospholipids. This arrangement is responsible for cellular 

deformability and flexibility needed for performing their function [1].  

The proteome of RBC is however much more complex than initially thought despite its 

lack of intracellular organelles. Several works have emerged in the past few years with 

more and more complete characterization of the mRBC proteome [2-8].Our own group 

has analysed the mRBC proteome in the context of Chronic Obstructive Pulmonary 

Disease (COPD) and has confidently identified over 1000 proteins (data not published) 

corroborating the proteome’s complexity of an apparent simple cell. 

In Cystic Fibrosis (CF), absence or defective CF transmembrane conductance 

regulator (CFTR) on the exocrine epithelial tissues results in the failure of ionic and 

water homeostasis leading to excessive mucous production that causes chronic lung 

disease, pancreatic insufficiency, elevated concentrations of Cl
-
 in sweat, neonatal 

meconium ileus, infertility, among other symptoms [9,10]. However, it is not evident 

whether disturbances at the systemic and, most specifically, at the RBC level can 

influence disease phenotype. Mild haemolytic anaemia has been reported in some CF 

patients though its causes are attributed to reduced antioxidant defense [11] with 

consequent increase in elevated mRBC lipid peroxidation [12].   

The controversy on the presence of CFTR in the RBC extends back to the early 1990’s 

decade being undoubtedly unravelled that CFTR is present not only in epithelial cells 

but also in RBC in 1998 [13]. Since then, several reports confirmed this finding  [14-

16]. The most solid study so far was performed by Lange et al. where it was possible to 

count the number of CFTR molecules in RBC and observed a reduction of CFTR by 4 

fold in CF patients when compared with healthy individuals [17].   

It has been suggested that CFTR facilitates a deformation-induced ATP release 

in RBC while sneaking out the capillaries [13]. Although the levels of ATP in plasma of 

CF patients appear to be significantly higher than in non-CF [18], the same is not 
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verified in RBC with equal concentrations in both groups [13]. Under native CFTR, 

RBC release ATP in response to mechanical deformation in a stimulus-dependent 

fashion [13] that should activate nitric oxide (NO) synthesis in neighbouring endothelial 

cells causing vessel dilation [19-21]. However, erythrocytes from CF patients failed to 

stimulate NO synthesis in isolated rabbit lungs [22] strengthening the view that reduced 

deformation-triggered ATP release leads to an increase in vascular smooth muscle tone 

potentially causing pulmonary hypertension observed in some of these patients.  

The multifunctional RBC with their roles in oxygenation, oxidative stress and 

vessel dilation can be a reliable biological sample to investigate differentially expressed 

proteins with possible interest in CF. 

  In the present work, we aim to identify differentially expressed proteins in 

mRBC of CF patients with mild or severe pulmonary disease in comparison with 

healthy individuals by high-throughput label-free 2D-LC-MS/MS and explore their 

relevance in the context of the disease and, in particular, the CF’s lung disease severity. 

 

   

2. MATERIAL AND METHODS 

 2.1Patients and Sample Collection 

The present study was approved by the Ethics Committee of INSA Dr. Ricardo 

Jorge and Hospital de Santa Maria (HSM) – Lisbon, Portugal. 

Thirty five CF patients bearing heterogeneous mutations in the CFTR gene under 

clinical surveillance in Pulmonology’s Division of HSM-Lisbon were enrolled for this 

study. All CF patients were free of acute phase of inflammation and under standard 

respiratory treatments, namely nebulized recombinant human dornase alpha (rhDNAse), 

tobramycin and azithromycin to reduce sputum viscoelasticity, control respiratory 

infection and exacerbation and inhibit bacterial proliferation, respectively. CF patients 

were categorized into mild or severe according to [23] based on their forced expiratory 

volume in 1 second (FEV1) and clinical criteria (Table III.1). The genotype 

heterogeneity observed in our subpopulation praises to identify significant differences 

between CF and non-CF groups without being mutation-restricted. Pooled samples from 

age- and gender-matched healthy individuals (n=32) and healthy carriers of one mutated 

CFTR allele (n=20) were used for comparison purposes. All healthy individuals were 

previously genotyped for the most common mutations in the Portuguese population [24] 
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to confirm that they were non-CF carriers and clinically evaluated (questionnaires, chest 

auscultation and spirometry) to address respiratory function ensuring a FEV1 ≥ 80% of 

vital capacity. 

 

Table III.1: Cystic Fibrosis (CF) patients and Carriers demographics and 

stratification into disease severity based on clinical criteria and pulmonary function 

accessed by spirometry [23]. Healthy individuals were chosen to match similar 

demographic conditions as the CF patients. 

 

 Group 

 CF Patients 

 
Controls 

Total Mild Severe 
Carriers 

n 32 35 11 24 20 

Age (mean ± SD) (30 ± 8) y (27 ± 8) y (27 ± 9) y (27 ± 8) y (45 ± 11) y 

20 F 20 F 7 F 13 F 12 F 
Gender 

12 M 15 M 4 M 11 M 8 M 

Genotype ∆∆∆∆F/∆∆∆∆F (%) NA 7 (20%) 0 (0%) 7 (20%) NA 

Genotype ∆∆∆∆F (%) NA 22 (63%) 8 (73%) 14 (58%) 10 (48%) 

FVC % (mean ± SD) 93 ± 11 77 ± 24 89 ± 23 71 ± 23 --- 

FEV1 % (mean ± SD) 91 ± 12 60 ± 27 80 ± 24 51 ± 24 --- 

Colonization 

P.aeruginosa (%) 
--- 60 45 67 --- 

BMI (mean ± SD) --- 21.1 ± 3.5 22.9 ± 3.6 20.3 ± 3.2 --- 

 

2.2 RBC Isolation from Peripheral Blood 

All the procedures were performed on ice (except were stated) and in the same 

day of blood collection to avoid cell degradation. 

Peripheral blood was collected by veinipuncture into a 4.9ml blood-collection 

tube containing 1.6mg EDTA/ml blood and immediately kept on ice for a ~2 hours 

period (never exceeding 4 hours). Whole blood was centrifuged at 3000 x g for 5 min at 

4 ºC to separate the solid and the liquid fractions. Both plasma and the buffy coat (white 

layer on top of RBC containing mainly leukocytes and thrombocytes) were carefully 

discarded and an additional centrifugation for another 2 min to remove evident traces of 

plasma and remaining buffy coat was performed. Enriched fraction in RBC was washed 

3 times with 3 volumes of cold isotonic buffer [0.9% NaCl (w/v) solution, pH 8.0] by 

careful inversion of the tube to homogenize the mixture and avoid cell disruption. After 
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each wash, samples were centrifuged at 3000 x g for 5 min at 4 ºC to discard any left 

plasma and buffy coat layer. 

 

2.3 RBC Microsomal’s Fraction Enrichment 

Preparation and isolation of mRBC was achieved according to [13,25]. Briefly, 

RBC were incubated in 2 volumes of cold hypotonic phosphate buffer [5mM (w/v)], pH 

7.4 supplemented with protease inhibitors (SIGMA, P8340-5mL) for 30 min on ice for 

cell lysis. Frequent homogenization was performed by inversion of the tube. Fifteen 

volumes of hypotonic phosphate buffer were added to the mixture and centrifuged at 

4500 x g for 10 min at 4 ºC. An aliquot of the supernatant (intracellular content) was 

saved, the remaining discarded and pellet was washed three times with phosphate buffer 

by centrifuging at 27,300 x g for 10 min at 4 ºC. A final wash in phosphate buffer at 

25,000 x g for 5 min at 4 ºC was performed to guarantee the isolation of hemoglobin-

free RBC ghost that were further stored at -80 ºC. 

Individual samples from the above mentioned groups were pooled together to 

emphasize proteomic differences among the groups studied while eliminating potential 

individual contributions. The pooling strategy has been widely used in profiling studies 

due to its power in evidencing the significant differences between groups/conditions and 

reducing the financial and temporal stress in analyzing a large number of samples. 

Pooled samples were transferred to 2mL siliconized tubes and incubated with 50mM 

(w/v) NH4HCO3 pH 7.4. Vigorous shacking and sonication (5 x 15’; 30’ intervals) was 

performed to aid membrane disruption before centrifugation at 100,000 x g for 1 hour at 

4 ºC. Supernatant was discarded, the pellet resuspended in 100mM (w/v) Na2CO3 and 

incubated for 2h at 4ºC on a rotisserie followed by ultracentrifugation at 100,000 x g for 

90 min at 4 ºC. Resulting pellet was washed twice with ddH2O to obtain the membrane-

enriched fractions using previously mentioned centrifugal conditions. Protein content 

was established by BCA
TM

 Protein Assay Kit (Pierce). A total of 100 µg of lyophilized 

proteins from membrane-enriched fraction was digested overnight with sequence-grade 

modified trypsin (Promega, Madison, WI, USA) at an enzyme:protein ratio of 1:20 in 

50mM NH4HCO3/60% (v/v) methanol [26]. Tryptic peptides were desalted by SPE 

(3M™ Empore™ High Performance Extraction Disk Cartridges) according to 

manufacturer’s description and lyophilized to dryness prior to 2D-LC-MS/MS analysis. 
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2.4 2D-LC-MS/MS, Data Processing and Bioinformatic Analysis 

Desalted lyophilized peptides were solubilized in 45% (v/v) ACN/0.1% (v/v) FA 

to achieve a concentration of approximately 0.5-1 µg/µl before separation and analysis 

by label free 2D-LC-MS/MS under standard conditions [26,27].   

The CID spectra were analyzed using SEQUEST
TM

 operating on a Beowulf 18-

node parallel virtual machine cluster computer (ThermoElectron, Thermo Fisher 

Scientific, Waltham, MA, USA) using a UniProt non-redundant human proteome 

database (http://www.expasy.org, 03/2008 release). Only peptides with conventional 

tryptic termini (allowing for up to two internal missed cleavages) possessing delta-

correlation scores (∆Cn) >0.1 and charge state-dependent cross correlation (Xcorr) 

criteria of >2.1 for [M+H]
1+

, >2.3 for [M+H]
2+

 and >3.5 for [M+H]
3+

were considered as 

legitimate identifications. A final list of the identified proteins with the corresponding 

number of unique (non-redundant) peptides (UPs) and total counts for those peptides 

(TPs) was obtained. Protein abundances were calculated by comparing total spectral 

counting values across analysed conditions and proteins were considered differentially 

expressed when showing ± 1.5 fold difference in abundance. 

Sets of differentially expressed proteins were further characterized in terms of 

chemical properties [28-30] [determination of putative transmembrane domains (TMD), 

http://www.cbs.dtu.dk/services/TMHMM, and grand average hydropath value index 

(GRAVY), http://www.geneinfinity.org/sms_proteingravy.html] and biological 

information [Protein Information Knowledge Extractor (PIKE) [31], 

http://proteo.cnb.uam.es:8080/pike/, Ingenuity Pathway Analysis (IPA), 

www.ingenuity.com and ProteinOn [32], retrieving important functions, pathways and 

significantly overrepresented GO terms in the datasets. 

 

3. RESULTS AND DISCUSSION 

Several studies have provided lists of proteins characterizing the proteome of 

RBC proving that it is much more complex than initially thought [2-8]. However, the 

comprehensive RBC proteome characterization in the CF context is, to our knowledge, 

not yet investigated.  
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By using high-throughput label-free 2D-LC-MS/MS-based proteomics approach, 

we aimed to identify differences in the mRBC proteome profile that could be associated 

with CF and/or with CF lung disease severity. mRBC isolated from CF patients with 

severe (n=22) and mild (n=11) lung disease and from controls, health CF-Carriers 

(n=20) and health non-CF Carriers (n=32) were investigated.   

From an initial list of 520 proteins identified in all groups considered (Table 

III.1.1SD), only proteins identified by at least 2 peptides (TPs) in any independent 

group were considered to have extra confidence in the identification, shortening the list 

to 178 proteins (Table III.1.2SD). The false discovery rate (FDR) calculated by 

searching the data against a decoy database was 4.3%. The relative abundance of 

proteins was calculated by comparing total spectral counts from the same protein across 

conditions and a threshold of ± 1.5 fold difference in abundance was set to consider 

them differentially expressed. 

 

3.1 General categorization of the proteins identified in mRBC 

The 178 proteins considered in our study were further categorized in terms of 

hydrophobicity (GRAVY), number of predicted TMD and subcellular location to 

corroborate improved sample preparation methodology and effective analysis of the 

mRBC proteome. 

GRAVY is an overall index of protein solubility that takes in account the 

hydrophobicity values for each of the aminoacids in the protein sequence normalized to 

the protein’s length. Positive GRAVY values are considered a reliable marker of the 

hydrophobic nature of a protein and a valid indicator of its membrane involvement. In 

our dataset, 23.4% of proteins present positive GRAVY values (GRAVY ≥ 0), 

proportion that rises to 42.3% when GRAVY ≥ -0.2 (Figure III.1A).  

Mapping for putative TMD relied on the analysis of protein’s sequences to 

obtain the correspondent hydropathy plots. Regarding this parameter, 36.9% of the 

identified specimens have at least one TMD (Figure III.1B). A significant percentage 

evidenced more than 9 TMD (7.1%) with protein FAM38A, a multipass endoplasmic 

reticulum membrane protein, predicted to have 23 TMD. 

Subcellular location showed a successful enrichment in membrane proteins by 

retrieving 46% of proteins allocated to the membrane compartment (both organelle and 
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plasma membrane) (Figure III.1C). In addition, several other proteins were categorized 

as cytoskeletal and could be membrane-associated or membrane-anchored. 

 

  

 

 

 

A 

B 

C 



 94 

Figure III.1: Hydrophobicities (GRAVY values; Gene Infinity tools; 

http://www.geneinfinity.org/sms_proteingravy.html) (III.A), predicted transmembrane 

domains (TMDs; TMHMM software; http://www.cbs.dtu.dk/services/TMHMM/) 

(III.B) and primary location (based on information retrieved by PIKE from UniProt) 

(III.C) of proteins identified in mRBC. 

 

Overall, our results indicate that the enrichment in membrane proteins was successfully 

achieved. 

 

 3.1.1 Identification of CFTR in mRBC 

Sprague et al. in 1998 showed for the first time CFTR activity in RBC that 

contributes to deformation-induced ATP release is these cells [13]. Eight years after, 

Lange et al. (2006) by using atomic force microscopy combined with quantum-dot-

labeled anti-CFTR antibody were able to count the number of CFTR molecules in 

mRBC that were reduced in CF ∆F homozygous patients in comparison with healthy 

subjects [17]. Despite of these studies, the unequivocally expression of CFTR in RBC 

remains to be demonstrated by MS-based approach. In our MS datasets, CFTR was 

identified by only one peptide in mRBC from ∆F/∆F patient’s group (Table III.1.1SD). 

CFTR’s isolation and identification by MS is challenging due to its high 

hydrophobicity, glycosilation and relative low expression levels in mRBC [33]. The 

fact, however, of CFTR being identified exclusively in the ∆F/∆F patients is 

nevertheless intriguing. One possible explanation for that is the intracellular 

accumulation of ∆F-CFTR due to folding defects and recognition by the cell’s quality 

control to overcome such flaw or send the protein to degradation [34]. Such 

accumulation might result in increasing the abundance of CFTR is cells from this group 

overcoming the detection limit of the MS thus making possible its detection. In spite of 

all of this, it is however noteworthy that we were able to identify CFTR by MS in this 

biological sample by a ‘shotgun’ approach, confirming unequivocally the existence of 

this protein in mRBC. 
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3.2 Differentially expressed proteins as consequence of CF 

  3.2.1 Functional Analysis and Characterization 

Although a broad characterization was achieved by calculating GRAVY, TMD 

and investigating the  primary subcellular location of the identified proteins, the main 

focus of a proteomics study is to further explore the differences in expression between 

two (or more) conditions. Functional characterization of the differentially expressed 

proteins was performed by ProteinOn and Ingenuity Pathway Analysis (IPA). 

ProteinOn is a web tool that calculates GO-based protein semantic similarity and 

implements a preliminary weighting factor (info content), which increases the 

specificity of existing semantic similarity measures, and a probabilistic score (e-value) 

for representativeness of a GO term within a set of proteins [32]. With this unified and 

structured vocabulary, integration of knowledge from the sequence level to the system 

level is facilitated. Table III.2 compiles some of the most significant molecular 

functions retrieved by the analysis of differentially expressed proteins’ sets. The 

complete list of all molecular functions retrieved is provided in Table III.2SD. 

From the analysis of these terms, it is evident that structural organization of the 

cytoskeleton, transport activity and oxidant/antioxidant status account for the most 

significant molecular functions in which the differentially expressed proteins participate 

in, confirmed by particularly low e-values. In fact, transport activity are spread 

throughout several categories and substrates that include oxygen (HBD, HBG1, HBA1, 

HBD/HBB), glucose and cations (SLC2A1, SLC2A4, SLC2A14) in both active 

(SLC4A1, SLC4A2, SLC2A1, SLC2A4, SLC16A1, SLC2A14) and symporter forms 

(SLC2A1, SLC2A4, SLC2A14).  

The oxidative status of these cells is also fundamental for perform their role 

systemically. Here, we identified ABCC4, CYB5R3, CAT, MPO, MTHFD1, EPX, 

FDXR, HMOX2, PRDX2, PRDX1 and CYBRD1 with oxidoreductase activity altered 

in the groups under comparison, especially CAT, MPO, EPX, PRDX1 and PRDX2 that 

present peroxidase and antioxidant activity. 
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Table III.2: Significant Gene Ontology terms retrieved by ProteinOn from the 

datasets of differentially expressed proteins in mRBC samples. 

Term Name %Occurence e-value info content Proteins 

structural constituent of 

cytoskeleton 
5,66 1,1E-16 12,8025 

SORBS3, KRT14, KRT1, 

EPB41, SPTB, ANK1, 

EPB42, KRT2, ACTB 

glucose transmembrane 

transporter activity 
1,89 4,0E-06 12,4066 

SLC2A1, SLC2A4, 

SLC2A14 

oxygen transporter 

activity 
2,52 9,2E-06 10,3004 

HBD, HBG1, HBA1, 

HBD/HBB 

antioxidant activity 3,14 7,9E-04 7,8124 
CAT, MPO, EPX, 

PRDX2, PRDX1 

secondary active 

transmembrane 

transporter activity 

3,77 1,9E-02 6,25025 

SLC4A1, SLC4A2, 

SLC2A1, SLC2A4, 

SLC16A1, SLC2A14 

ATPase activity 3,14 7,4E-01 4,68242 

ABCC4, ATP1A1, 

ATP2B4, ABCA13, 

ABCB6 

electron carrier activity 2,52 10 E-01 3,71219 
CYB5R3, FDXR, 

HMOX2, derp12 

oxidoreductase activity 7,55 1,0E+00 2,57999 

ABCC4, CYB5R3, CAT, 

MPO, MTHFD1, EPX, 

FDXR, HMOX2, PRDX2, 

PRDX1, CYBRD1, 

derp12 

 

But normal and flexible RBC are necessary to efficiently flow and sneak through 

narrow capillaries to deliver oxygen to cells ensuring a proper microenvironment for a 

tissue to perform its function. As mentioned, cytoskeleton organization accounts for the 

most altered molecular function for which several proteins contribute: SORBS3, 

KRT14, KRT1, EPB41, SPTB, ANK1, EPB42, KRT2 and ACTB. This observation 

provides extra evidence that malformed and abnormal RBC can contribute to CF 

pathology. 

Pathway analysis performed by IPA’s software highlighted similar results. 

Among the most significant networks and functions retrieved, we found small molecule 

biochemistry (in close correlation with oxidant/antioxidant status), cellular assembly 

and organization (related to cytoskeleton rearrangements) and molecular transport. 

Interestingly, a noteworthy pathway yielded by IPA has NFkB as a central molecule 

(Fig. III.2). Previous results in serum [35,36] and lung epithelial cells [37] of CF 

patients corroborate this result identifying the pathway where proinflammatory NFkB 

participates as significant in the CF’s phenotype.  
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 Figure III.2: IPA’s molecular pathway where proinflammatoty NFkB occupies 

a central position among several proteins identified in mRBC. Several proteins related 

to antioxidant activity (MPO, EPX, PRDX1, PRDX2 and CAMP) are also emphasized. 

(in grey: proteins that were identified in the current work).   

 

3.2.2 Tissue remodeling and antibacterial response in RBC        

In CF, pulmonary parenchyma is constantly being challenged by persistent 

exposure to the action of proteolytic enzymes, such as neutrophilic elastase (ELANE), 

cathepsin G (CTSG) and proteinase 3 (PRTN3) that cause tissue injury characteristic of 

CF lung disease [38-40]. Besides being involved in tissue injury as member of the 

peptidase module of 22 neutrophil-derived proteins, CTSG inhibits IL-8, a known 

marker for inflammation in CF [41,42]. In our results, CTSG presents increased 

abundance in CF carriers when compared to controls but its levels significantly drop 

when comparing CF patients with CF carriers and healthy non-CF individuals. This 

effect might result in inefficient inhibition of IL-8-dependent proinflammatory pathway 

promoting the characteristic inflammatory phenotype evidenced by the patients.  
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We were able to identify differential regulation in several proteins involved in 

antibacterial response: Lysozyme C (LYZ), Cathelicidin antimicrobial peptide (CAMP), 

lactotransferrin (LTF) and CTSG, already described as participating severe acute 

respiratory syndorm (SARS) or pneumonitis. All these proteins belong to the peptidase 

module compromising 22 neutrophil-derived protein and have primarly a bacteriolytic 

function, actively involved in deplete the airways from opportunistic pathogens that 

colonize CF’s lungs [43-46]. Both LTF and CTSG have already been associated with 

CF. Also, CTSG has antibacterial activity against the Gram-negative bacterium 

P.aeruginosa and inhibition by LPS from the same bacteria [47]. Curiously, LYZ, LTF 

and CAMP were only identified in the CF’s carriers’ group, each of them by 2 peptides 

only. As mentioned, our sample preparation resulted in an enrichment of proteins from 

the mRBC proteome. We cannot exclude however a small percentage of cross 

contamination with other blood cells, resulting therefore in the identification of such 

proteins with low peptides count. Moreover, these three proteins present a primarly 

antibacterial function. Lack of their identification at systemic level might indicate 

activity at other locations where infection takes place, such as the lung. We believe that 

using other type os biological sample, like one derived fro the respiratory system, will 

unravel the presence of these proteins in sites of infection. 

 

3.2.3 Oxidative stress in mRBC  

The erythrocytes are naturally and constantly exposed to endogenous oxidants 

such superoxide and hydrogen peroxide. To overcome the damage that it might create, 

antioxidant defenses are of great importance for maintenance of normal cellular 

functions. Catalase (CAT) is a homotetrameric antioxidant enzyme and serves to protect 

cells from the toxic effects of hydrogen peroxide converting this oxidant into water and 

oxygen. It occurs in almost all aerobically respiring organisms and highly concentrated 

and active in RBC. Besides its role in detoxifying hydrogen peroxide, CAT promotes 

growth of cells including T-cells, B-cells, myeloid leukemia cells, melanoma cells, 

mastocytoma cells, normal and transformed fibroblast cells with implication in 

hyperoxia and pulmonary defense, especially at the alveolar level [48]. CAT’s activity 

is highly correlated with both superoxide dismutase-1 (SOD1) and glutathione 

peroxidase (GPX). Hydrogen peroxide is formed from the dismutation of two radical 

anion superoxide (O2
•-
) catalised by SOD1 and its detoxification can be achieved by 
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catalase or GPX though in vitro studies demonstrate preferential catalase’s pathway 

[49,50]. In our study, neither SOD1 nor GPX were identified, probably due to their 

hydrophilic character and therefore not enriched in our methodology, their low 

abundance or technical constrains, but we aim to determine their antioxidant’s activity 

by a complementary biochemical method to better elucidate this. In a similar fashion, it 

was demonstrated that GPX presented lower levels in nasal epithelial cells of CF 

patients compared with healthy though severe patients present higher levels of the 

enzyme than mild ones suggesting that GPX might constitute a first-line defence against 

oxidative damage in earlier stages of the disease (for detailed results, see Chapter V). 

We also identified peroxiredoxin 1 and 2 (PRDX 1 and PRDX 2, respectively) 

as differentially expressed in our study. This family of peroxidases are involved in 

redox regulation of the cell by eliminating peroxides by conjugation with reducing 

equivalents provided through the thioredoxin system. In the lungs, peroxiredoxins have 

been implicated in protection against exogenous as well as endogenous oxidant 

challenge [51] and particularly PRDX2 has been found elevated in lung carcinomas 

[52]. PRDX1, on the other hand, was found elevated in mRBC of sickle cell patients 

[5]. Additionally to their antioxidant properties, peroxiredoxins might participate in the 

signalling cascades of growth factors and TNF-α by regulating the intracellular 

concentrations of hydrogen peroxide. TNF-α is the main proinflammatory cytokine 

secreted by inflammatory macrophages and makes a strong contribution to the 

proinflammmatory phenotype of the CF airways [36]. 

CF’s respiratory tract is colonized/infected at early stages by opportunistic 

pathogens resulting increased phagocytic responses and active secretion of reactive 

intermediates by neutrophilic myeloperoxidase (MPO) [53,54]. Due to highly 

infiltration of neutrophils in CF respiratory surfaces, large amounts of MPO are release 

constituting the predominant peroxidase at that site [55]. Although catalase can catalyze 

detoxification of hydrogen peroxide, MPO converts this compound into potent 

bactericidal oxidant hypochlorous acid (HOCl), indicating that this enzyme can 

perpetuate oxidative damage [56]. Moreover, MPO also acts as a phagocyte-derived 

nitric oxide (NO) oxidase that prevents its functions as a bronchodilator, bacterostatic 

agent and anti-inflammatory mediator [55]. Elevated levels of MPO have been reported 

in CF’s BALF [57], sputum [56,58,59] and MPO was also supposed to be an 

autoantigen for the disease [59]. This NO oxidase is however not restricted to MPO. 
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Eosinophil peroxidase (EPX) is an antibacterial protein arising from exocytosed 

granules of activated eosinophils in response to hypersensitive responses, such as 

allergen-induced asthma [60], and parasite invasion [61,62]. Although eosinophils 

numbers do not seem to be elevated in CF [63,64], it is noteworthy to observe that heme 

peroxidase activity is several orders of magnitude lower in asthma when compared to 

levels reported in CF. Eosinophils-specific granule proteins are marked citotoxic for 

parasites but its oxidant products might interact with the surronding molecules causing 

tissue injury as demonstrated in pneumocytes [65,66]. 

 

3.2.4 Structural organization of mRBC 

 The ability of the RBC to perform their function is dependent of their plasticity 

and mechanical deformability to pass through blood vessels’ walls. Cytoskeleton 

rearrangements are therefore crucial to guarantee the maintenance of an adequate 

morphology. In our study, several proteins related to such functions were identified with 

possible consequences for CF. 

Flotilins (FLOT) are major integral proteins of erythrocyte lipid rafts [67] that 

participate in signal transduction and intracellular trafficking processes, such as 

caveolar-mediated endocytosis and cell adhesion [68]. Closely associated with these is 

stomatin (STOM), a detergent-resistant protein that associates with lipid rafts rather 

than binding to the cytoskeleton to act as a regulator of monovalent cation flux across 

membrane [69]. Work from Salzer and Prohaska showed that stomatin and the flotilins 

are the most abundant integral proteins of the RBC rafts that are independently 

organized in high-order oligomers, acting as a separate scaffold at their cytoplasmic 

face [67]. In our study, stomatin was the second protein identified by higher number of 

peptides (only overcome by band 3 anion transport protein) but its levels were similar 

across the groups under comparison. On the other hand, FLOT 1 and FLOT2 presented 

similar expression patterns: decrease in abundance in CF carriers and patients when 

compared with controls and a non-significant increase in patients with severe lung 

disease in comparison with mild ones. 

Glycophorin A and C (GYPA and GYPC, respectively) are mRBC proteins also 

identified as differentially expressed here: GYPA presented gradually lower expression 

from healthy non-CF to CF carriers and from those to CF patients while levels of GYPC 
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were similar in controls and carriers and decreased abundance in CF patients. Both 

proteins were not significantly different between severe and mild patients. GYPA is the 

major intrinsic membrane protein of the erythrocyte influencing function, high activity 

and translocation of band 3 anion transport protein (SLC4A1) while GYPC is a minor 

sialoglycoprotein in human RBC with important role in regulating their stability. All 

STOM, GYPA, GYPC and SLC4A1 associate with spectrin-actin-based cytoskeleton 

via linker proteins.  

The mRBC is an organized structure that results from the direct interaction of a 

spectrin-actin-based membrane skeletal network with the lipid bilayer or by association 

with linker proteins that interact simultaneously with the cytoplasmic domain of 

transmembrane proteins and spectrin [70]. Cytoskeleton spectrins α and β (STPA1 and 

SPTB, respectively) were identified here as less abundant in CF carriers and patients, 

with similar levels in these two groups, while actin was also less abundant in CF 

carriers and patients when compared with non-CF. These proteins associate with band 

4.1 to form the cytoskeletal superstructure of the mRBC. Linker proteins ankyrin and 

erythrocyte membrane protein band 4.1 and 4.2 were identified at similar levels in CF 

and non-CF individuals with lower expression at the CF carriers’ group while β-adducin 

present lower abundance in CF carriers and patients (with similar levels in these two 

groups) than in healthy non-CF. Linker proteins are important in regulating membrane 

physical properties of mechanical stability and deformability by promoting and 

stabilizing spectrin-actin interaction. Overall, a tendency of lower abundance of proteins 

from the cytoskeleton, the spectrin-actin network and linker proteins is observed in CF 

patients when compared with the other groups. Taking into account all these differences 

in abundances of proteins from the cytoskeleton and spectrins’ network, we postulate an 

imbalanced and impaired organization of the RBC scaffold with consequences in terms 

of RBC deformability and ability to efficiently perform their function. Lack of 

functional and malleable RBC is in the basis of reduced deformation-induced ATP 

release and consequent increase in pulmonary hypertension following deterioration of 

pulmonary function. 
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3.2.5 Differential identification of hemoglobins’ subunits 

During the isolation of mRBC proteins, incubation in basic medium, washes and 

solubilization in a methanol-buffered solution are performed to eliminate evident 

contamination of the microssomal fraction with hemoglobin. However, and although 

total removal of this protein is virtually impossible, its appearance in the MS spectra can 

actually be related with differential abundance in the samples under analysis. 

It is known that hemoglobin has more functions than transport oxygen from the 

lung to the various peripheral tissues receiving carbon dioxide in exchange. Several 

published studies have highlighted the role of hemoglobin in pathological conditions 

[71-74]. Moreover, in a recent study from our group using a SELDI-TOF approach 

combined with protein’s purification and identification by MALDI-TOF/TOF MS, 

hemoglobin was identified as differentially expressed between CF patients, controls and 

asthmatics [75]. Since we had extra care in excluding samples with evident hemolysis, 

we believe that this difference is biological. Here, three subunits of hemoglobin were 

identified more abundantly in CF carriers and CF patients: hemoglobin subunit 

α, β and δ (HBA1, HBB and HBD, respectively). Patients with severe lung disease also 

presented higher levels of these proteins than mild ones. Oxidative stress is one of the 

imbalanced processes in CF and previous works have associated higher oxidative stress 

with higher rate of hemolysis [76]. The identification of higher levels of hemoglobin’s 

subunits in mRBC of CF patients is in accordance with previous results [75] and might 

reveal an increased susceptibility of CF’s RBC to oxidative damage [76,77]. 

 

4. SUMMARY 

By using a high throughput MS-based approach we identified here several 

differentially expressed proteins in CF´s mRBC associated with impaired antioxidant 

defence, increased lipid peroxidation and mechanical/deformability processes, 

confirming inability of CF’s mRBC to efficiently respond against aggressions nor to 

mechanical deformation and promote vessel dilation preventing pulmonary 

hypertension. We presented here, for the first time, CFTR identification in mRBC by a 

MS-based approach. However, this identification was only possible in mRBC from 

patients homozygous for ∆F508 probably due to intracellular accumulation of this 

misfolded protein by the cell quality control.   
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ABSTRACT 

Here, a comprehensive proteomic investigation on nasal epithelial cells (NEC) using an 

improved subcellular fractionation method to obtain soluble- and membrane-enriched 

subproteomes followed by a high sensitive multidimensional protein identification 

technology (MudPIT) is described. NEC cells were collected by a non-invasive 

brushing procedure from 129 healthy subjects [84F, 45M; (36±9) years]. Soluble- and 

membrane-enriched protein fractions were isolated by differential centrifugation and 

methanol-based extraction. Tryptic digests were fractionated by strong cation-exchange 

(SCX) liquid chromatography (LC) followed to microcapillary reversed phase (RP) LC 

coupled directly to tandem mass spectrometer (MS/MS) analysis.  

In a set of 1482 identified proteins, 947 (63.9%) proteins were annotated as membrane 

associated proteins according to Gene Ontology (GO). The grand average hydropath 

value index (GRAVY), the transmembrane mapping predictions and Human Protein 

Reference Database (HPRD) information confirmed an enrichment of hydrophobic 

proteins in membrane subproteome. Exponentially modified Protein Abundance Index 

(emPAI) was used to estimate total protein content in NEC highlighting mitochondrial, 

ribosomal and cytoskeleton proteins in the most abundant proteins’ group and 

immunological, molecular transport, morphology or cellular assembly and organization 

in the lower abundant proteins’ group. Ingenuity pathway analysis revealed an 

enrichment of molecular and cellular functions associated with cell death, protein 

folding and drug metabolism in soluble fraction while in membrane fraction there was a 

predominance in functions associated with molecular transport, protein trafficking and 

cell-to-cell signalling and interaction. Comparing our data with those described in the 

literature for other respiratory tract epithelium revealed some molecular similarities that 
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include proteins associated to maintenance of physical barrier and immunological 

defence, providing extra support to the use of NEC in the assessment of outcome and 

treatment response of airway diseases such as asthma, cystic fibrosis and chronic 

obstructive pulmonary disease. 

 

Keywords: 

nasal epithelium; upper and lower airways; cellular fractionation; two-dimensional 

liquid chromatography; multidimensional protein identification technology (MudPIT), 

mass spectrometry; functional analysis 
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BACKGROUND 

Nasal and bronchial mucosae consist of a pseudostratified ciliated columnar 

epithelium resting on a basement membrane. Beneath the basement membrane is the 

submucosa, containing blood vessels, mucous glands, structural cells, nerves and some 

inflammatory cells [1]. Its primarily function is to humidify, heat or cool and clean 

inhaled air before reaching alveolar compartment. It is controversial the assessment of 

nasal epithelium (NE) as surrogate model of lower airways’ characteristics and 

functions [2]. Some authors say that the NE is completely unrepresentative of lungs 

epithelial layer due to differences in embryonic origins [3], anatomy [4], cellular 

populations [5-8] and transepithelial resistances [9]. The main difference between the 

upper and lower airways is that upper airway patency is largely influenced by vascular 

tone, whereas, in the lower airway, airflow is influenced predominantly by smooth 

muscle contraction. Nevertheless, both portions act as a transport system moving air in 

and out of the lungs. However, there seem to be more similarities than differences 

between upper and lower airways that have been extensively reported [10-14]. In fact, 

the concept of united airways is being increasingly used highlighting the fact that there 

is an anatomic and physiological continuity between the upper and lower airways [10] 

where reactions in the first influence complications in the latter [4,15].  

It is unquestionable the importance of airway epithelium as a physical barrier 

between external environment and internal milieu [16,17]. Under physiological 

conditions, airway epithelium, in coordination with airway surface liquid (ASF) and 

mucous, forms a highly regulated physical ad functional barrier between these two 

environments, sensing and actively responding to alterations in its surroundings 

therefore controlling many responses typical of respiratory diseases [3]. 

Frequently exposed to external challenges/aggression, respiratory epithelium has 

developed various defence mechanisms to protect itself and thus the organism from 

infections and inhaled particles. These defence mechanisms depend on mucociliary 

clearance via airway ciliated cells, on the capacity to regenerate an intact respiratory 

epithelium after injury and its ability to participate in inflammatory responses by 

secreting pro- and anti-inflammatory cytokines, among others [18]. In upper and lower 

airways, responses are triggered by similar mechanisms including irritants (smoke, cold 

air or exercise) and allergens (pollens or mold) leading to narrowing of the lumen, 

mucous secretion and comparable patterns of inflammation that depend on the circadian 

rhythm.  
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Respiratory epithelium is thus crucial to maintain the normal respiratory 

function and any alteration of its structure and function may play an important role in 

the pathogenesis of the chronic lung diseases [19].  

In the monogenetic disease Cystic Fibrosis (CF), patients carry mutations in the 

CF transmembrane conductance regulator (CFTR) gene that codes for a defective 

protein [20,21] which jeopardized the functions of epithelia in several organs [22] 

specially at lung’s level [23,24]. On the other hand, asthma displays significant 

heterogeneity and variability in its clinical expression due to complex and interactive 

factors. Environmental factors underlying asthma inception can range from viral 

respiratory tract infections in infancy to occupation exposures in adults [25]. According 

to the current understanding, many of the persistent inflammatory and structural 

responses in patients with asthma, including airway allergen sensitization in genetically 

susceptible individuals, could follow from a defective epithelium, leading to a chronic 

wound response and repeated environmental injury [18]. Thus, it seems that airway 

remodelling, especially at the level of airways epithelia [6,13], is common to both 

diseases implying a dynamic process of repair after injury/inflammation associated with 

deposit and degradation of extracelular matrix.  

To our knowledge, only two studies aimed to investigate the NE by proteomics 

[26,27], one of them by our own group. These investigations were 2DE-based and 

identification was achieved by using MALDI-TOF MS with around 60 protein spots 

being excised and identified.  

Herein, we report the use of subcellular fractionation combined with improved 

methods of solubilization and digestion (namely methanol-based buffer for 

solubilization and tryptic digestion of membrane proteins), followed by SCX-RPLC 

coupled with MS/MS for large-scale profiling of NE soluble- and membrane-enriched 

proteome as a complementary or alternative approach to 2DE-MALDI-TOF MS. 

Overall, we identified 1482 different proteins: 313 and 947 proteins in soluble 

and membrane fraction, respectively, with an overlap of 222 proteins. 43 proteins were 

classified as uncharacterized or in-silico predicted only. Bioinformatic analysis correctly 

allocated the identified proteins into soluble or membrane compartments thus 

confirming an enrichment of proteins in the respective subfraction and validating the 

efficacy of the methodology applied. Proteins were annotated according to their primary 

localization, biological processes and functions highlighting important roles of 

epithelium. 
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Given the well-known similarities in mucosal responses between upper and 

intrathoracic airways described before, proteomic profiles observed in the nose may also 

provide insights into the pathology of airway diseases [28] such as Asthma, Chronic 

Obstructive Pulmonary Disease (COPD) and Cystic Fibrosis (CF). 

 

  

2. MATERIALS AND METHODS 

2.1 Demographics and Sample Collection 

Ethical approval and informed consent were obtained from participating 

institutions and enrolled individuals, respectively. In total, 129 volunteers [84 F, 45 M; 

(36±9) years] clinically characterized were recruited for sample collection. Nasal cells 

were harvested by a non-invasive brushing procedure previously described [29]. Cells 

were recovered immediately after brushing and washed with ice-cold PBS. An aliquot 

was saved at 4ºC for cellular integrity analysis and the remaining was pelleted by 

centrifugation at 3000 rpm for 5 min at ambient temperature recovering around 1-2x10
6
 

cells and preserved at -80ºC until analysis. 

 

2.2 Cellular Integrity Analysis 

Cellular integrity was evaluated by cell fixing in 3.7% (v/v) formaldehyde, 3.7% 

(w/v) sucrose in PBS, centrifuged for 5 min at 1000 rpm in a CytoSpin 3 centrifuge 

(Shandon; Life Sciences International, Cheshire, UK) to adhere to silane-coated glass 

slides (Sigma, St Louis, Missouri) and staining according to Leishman method [30] 

using freshly prepared reagent. Cellular preparations were qualitatively evaluated by 

conventional light microscopy to guarantee enough intact cells for further analysis while 

avoiding evident contamination with blood cells from occasional bleeding during 

sample collection. 

 

2.3 Sample fractionation by ultracentrifugation 

Briefly, pelleted nasal cells were thawed on ice, pooled together and 

resuspended in 1mL of lysis buffer [10mM Tris-HCl (pH 7.6), 1mM EDTA and 

protease inhibitors cocktail (P8340-5mL, Sigma)]. Cell lysis was assisted by 



 116 

intermittent sonication cycles (10x10’’ pulses interleaved by 30’’) on ice and sample 

was clarified by centrifugation at 2000xg for 3 min at 4ºC to remove cellular debris. 

Proteins from the soluble fraction were obtained from this clarified sample by 

ultracentrifugation at 100 000xg for 90 min at 4ºC. The obtained pellet was resuspended 

in 50mM NH4HCO3 and sonicated before another ultracentrifugation in the previously 

mentioned conditions. Supernatant was discarded and pellets homogenized and 

incubated in 100mM Na2CO3 for 2h at 4ºC on a rotisserie followed by similar 

ultracentrifugation conditions. Resulting pellet was washed twice with ddH2O to obtain 

the membrane-enriched proteins. Protein concentrations were established by BCA 

Protein Assay Kit (Pierce). 100 µg of lyophilized protein from soluble or membrane 

fraction were resuspended in either 50mM NH4HCO3 or 50mM NH4HCO3/60% (v/v) 

methanol [31], respectively, and sequence-grade modified trypsin (Promega, Madison, 

WI, USA) was added at an enzyme:protein ratio of 1:50 to soluble proteins’ fraction and 

1:20 to membrane proteins’ fraction for overnight in-solution proteolysis. Tryptic 

peptides were desalted by SPE (3M™ Empore™ High Performance Extraction Disk 

Cartridges) according to manufacturer’s instructions and lyophilized to dryness prior to 

2D-LC-MS/MS analysis. 

 

2.4 SCX and RP Fractionation  

The first separation involved off-line peptide fractionation by strong cation 

exchange (SCX) liquid chromatography (LC) using in-house packed nanocolumns as 

described [31]. Desalted lyophilized peptides were solubilized in 45% (v/v) ACN/0.1% 

(v/v) FA to achieve a concentration of approximately 0.5-1 µg per µL. Peptides were 

eluted with an NH4HCO2 multistep gradient at a flow rate of 200 µL/min as follows: 0-

1% B in 2 minutes, 1-10% B in 60 minutes, 10-62 % B in 20 minutes, 62-100% B in 3 

minutes (Mobile phase A: 45% (v/v) ACN; Mobile phase B: 45%(v/v) ACN/0.5M 

NH4HCO2, pH 3). Elution monitoring was achieved by native fluorescence with 

excitation wavelength of 266nm at an emission wavelength of 340nm. In total, 96 

fractions were obtained for each SCX separation and pooled to final 10 fractions 

intelligently assembled based on peptides’ peak distributions and intensities. The SCX-

LC fractions were lyophilized to dryness and reconstituted in 0.1% (v/v) FA 

immediately prior to reverse phase separation. Each SCX fraction was analysed in 
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duplicate by microcapillary reverse phase chromatography coupled online to a linear ion 

trap mass spectrometer (LTQ, ThermoElectron, ThermoFisher Scientific Inc., San Jose, 

CA) using the nanoelectrospray ionization source supplied by the manufacturer. After 

injecting 5 µL of sample, the column was washed for 30 minutes (at 0.5 µL/min) with 

2% B and peptides eluted (at 0.25 µL/min) using a linear gradient as follows: 2-60% B 

in 100 minutes, 60-98% B in 20 minutes, 98% B for 20 minutes. The column was re-

equilibrated with 2% B for 30 minutes prior to subsequent sample loading using the 

flow rate of 0.5 µL/min. (Mobile phase A: 0.1% (v/v) FA; Mobile phase B: 0.1% 

(v/v) FA in ACN.  The LIT mass spectrometer was operated in a data dependent mode 

in which each full MS scan (scan range m/z 350-1800) was followed by five MS/MS 

scans, where the five most abundant peptide molecular ions detected from the MS scan 

were dynamically selected for five subsequent MS/MS scans using a normalized 

collision-induced dissociation (CID) energy of 35% and a dynamic exclusion of 60secs 

to reduce redundant selection of peptides.  

 

2.5 Data Processing and Bioinformatic Analysis 

The CID spectra were analyzed using SEQUEST
TM

 operating on a Beowulf 18-

node parallel virtual machine cluster computer (ThermoElectron, Thermo Fisher 

Scientific, Waltham, MA, USA) using a UniProt non-redundant human proteome 

database (http://www.expasy.org, 03/2008 release). Only peptides with conventional 

tryptic termini (allowing for up to two internal missed cleavages) possessing delta-

correlation scores (∆Cn) >0.1 and charge state-dependent cross correlation (Xcorr) 

criteria of >2.1 for [M+H]
1+

, >2.3 for [M+H]
2+

 and >3.5 for [M+H]
3+ 

were considered 

as legitimate identifications. Results were further analysed using in-house developed 

software for determination of unique peptides and proteins, considering only positive 

identifications when at least 2 unique peptides (UPs) per protein were assigned. The 

obtained identifications are the sum of 70 and 80 SCX fractions for the soluble and 

membrane-enriched fractions, respectively, each analysed in duplicate by RP. A final 

list of the identified proteins with the corresponding number of unique (non-redundant) 

peptides (UPs) and total count for those peptides (TPs) observed in two consecutive 

runs was obtained. To increase identifications’ accuracy and confidence, only proteins 

identified in three independent experiments were positively identified and representative 
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of NEC. The false discovery rate (FDR) at peptide level was calculated by searching the 

data against a decoy database and was estimated to be between 4.2 and 4.5%. 

To aid the biological interpretation of the extensive proteins’ lists generated in 

these studies, proteins were categorized using the Gene Ontology, curated information 

deposited in Human Protein Reference Database (http://www.hprd.org, release 8, July 

2009) and Ingenuity Pathway Analysis (Ingenuity® Systems, www.ingenuity.com) 

knowledgebase to retrieve information on biological processes, molecular functions and 

primary location. The mapping of putative transmembrane domains was performed in 

Centre for Biological Sequence TMHMM server 

(http://www.cbs.dtu.dk/services/TMHMM) and the grand average hidropathy values 

(GRAVY index) [32] were calculated using Gene Infinity tools 

(http://www.geneinfinity.org/sms_proteingravy.html). 

Absolute protein content in the samples was estimated by exponentially 

modified protein abundance index (emPAI) [33], an index that compares the number of 

parent ions per protein observed in one’s experiments with the number of predicted 

peptides that the correspondent protein origins. emPAI normalization between 

experiments was calculated to determine protein contents in molar percentages, as 

described by Ishihama et al. 2005 [33]. 

 

3. RESULTS AND DISCUSSION 

 3.1 General characterization of the identified proteins in NEC’s 

subproteomes 

Herein, we report results of a proteome-wider characterization of the NEC 

proteome using a high-throughput strategy that relies on cell fractionation coupled with 

SCX-RPLC-MS/MS that may facilitate discovery of respiratory biomarkers and/or 

therapeutic target discovery for respiratory diseases.   

NEC specimens were obtained by a non-invasive nasal brushing procedure and 

their quality evaluated by cytology before used. The cytological analysis confirmed 

previous findings [29] by showing that most of recovered cells (about 85%) are 

epithelial, namely columnar, goblet and basal cells (results not shown). 

Cellular fractionation into soluble and membrane-enriched fractions was 

achieved by differential centrifugation in order to decrease sample’s complexity and 
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increase the proteome coverage. The analysis of membrane-enriched fractions was 

facilitated by membrane-associated protein solubilization in a methanol-buffered 

solution that enabled efficient tryptic digestion compatible with subsequent SCX-

RPLC-MS [31].  

The complete list of proteins identified in this analysis, as for the peptides that 

contributed to such identification, is provided in supplementary data (Table IV.1SD). In 

accordance with criteria described in Materials and Methods, our approach resulted in 

the confident identification of 535 and 1169 proteins in soluble and membrane fraction, 

respectively, with 222 proteins overlapping both fractions, resulting in the identification 

of a total of 1482 different proteins in NEC (Figure IV.1, Table IV.2SD).  

 

 

Figure IV.1: Venn diagram depicting total proteins identified in soluble (sNEC) and 

membrane (mNEC) fractions from nasal epithelium specimens. 

 

By comparing our data with those previously obtained by 2D-PAGE-MALDI-

TOF MS approach for NEC (136 proteins) [26,27], we observed 51 proteins commonly 

identified by both approaches, confirming that 2D-PAGE can still be used as a 

complementary tool in proteomics although with limitations. 

Annotation of primary subcellular location of those 1482 proteins herein 

identified was performed based on information deposited in Human Proteome 

Reference Database (HPRD). Cytoplasmic proteins were predominant in soluble 

fraction (38.7%) whereas plasma membrane proteins were observed in higher 

percentage in membrane fraction (18.2%); their representation in overlap fraction 

 
 

222 313 947 

sNEC mNEC 
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accounts for 5.4% of all proteins annotated in this subproteome. The term integral to 

membrane was mainly assigned to proteins allocated to the membrane fraction (6.3%; 

0.5% in overlap fraction) (Figure IV.2).  

 

 

 

Figure IV.2: Primary localization of the identified NEC proteins from soluble 

(sNEC), membrane (mNEC) and overlap (oNEC) fractions based on information 

retrieved by Human Protein Reference Database. Rare primary localization terms were 

grouped as Others representing ~ 6% of total identifications. 

 

Putative transmembrane domains (TMD) and grand average hydropathy value 

index (GRAVY) were calculated, this latter as a global indicator of protein’s solubility 

(proteins exhibiting positive GRAVY values are hydrophobic while proteins exhibiting 

negative GRAVY values are hydrophilic, according to [32])  (Table IV.3SD). The 

TMHMM analysis revealed a total of 513 proteins containing one or more putative 

TMDs: of those, 497 (96.8%) were found exclusively in NEC membrane fraction, 

corresponding to 52.5% of all proteins identified in membrane-enriched fraction (Figure 

IV.3A). Considering that the entire human proteome might contain about 21% of 
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proteins with one or more putative TMDs [34], our results represent a significant 

enrichment of this proteins’ class. The majority of proteins with five or more predicted 

TMDs elicit positive GRAVY indexes (Figure IV.3B), constituting about 14% of 

membrane’s proteome. There is, however, a significant percentage of proteins in 

membrane fraction with no predicted TMDs (46.7%, corresponding to 442 proteins). 

This observation might indicate entrapment of cytosolic proteins in membrane vesicles 

during lysis as well as substantial presence of membrane-associated proteins through 

post-transcriptional modification or protein-protein interactions. GRAVY index 

calculation revealed 284 out of 1482 proteins with positive GRAVY values, ranging 

from 0.0 to +1.2 and found exclusively in membrane fraction. In contrast, the majority 

of proteins identified on soluble and overlap fraction present negative GRAVY values, 

indicating lower hydrophobicities (Figure IV.3C). Overall, these results are in 

agreement with previous findings, suggesting an effective enrichment of membrane-

associated proteins in membrane fraction and cytoplasmic proteins in the soluble 

portion.  

Our datasets were also searched against human proteome database (UniProt 

Human) for getting attributes of NEC’s identified proteins, namely existence at the 

protein level. In this investigation, we observed 95 proteins having only evidence at 

transcriptional level, three proteins are annotated as uncertain and one as in-silico 

predicted (Table IV.2.3SD). 

 

 

A 
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Figure IV.3: (A) Predicted transmembrane domains (TMD) for proteins 

identified in NEC calculated by TMHMM software 

(http://www.cbs.dtu.dk/services/TMHMM/); (B) Correlation between the number of 

predicted TMD and hydrophobic character of proteins identified in NEC; (C) 

Hydrophobicities (GRAVY values) calculated by Gene Infinity tools 

(http://www.geneinfinity.org/sms_proteingravy.html).  

 

 

 

B 
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3.2 Functional Annotation of Proteins Identified by Shotgun Proteomics  

Functional annotation of identified proteins was carried out using HPRD and 

IPA’s knowledgebase. According to HPRD, an overrepresentation of biological 

processes such as metabolism and energy pathways, cell communication and signal 

transduction, protein metabolism, transport, regulation of nucleobase and cellular 

growth and/or maintenance was observed (Table IV.2.1SD). A considerable number 

of identified proteins had no annotation at all (10.7%; 158 proteins) or have missed 

biological function annotation (9.9%; 147 proteins). Interestingly, a higher percentage 

of proteins exclusively identified in membrane fraction (26%) has limited or no 

information available when compared with the soluble subproteome. Several proteins 

may be grouped in different functional families; therefore their participation in other 

crucial cellular processes cannot be ignored.  

Among the 1458 proteins mapped by IPA’s knowledgebase (Table IV.2.2SD), 

there is a significant overrepresentation of proteins involved in cell death, growth and 

proliferation, small molecule biochemistry, cellular movement, cell-to-cell 

signalling and interaction, cellular assembly and organization, molecular 

transport, lipid metabolism and protein synthesis (p<0.001) (Table IV.4SD). The 

subsets of 307, 938 and 213 proteins corresponding respectively to the sNEC, mNEC 

and oNEC subproteomes were further analysed independently by IPA to explore their 

relevant roles and most significant molecular bioefectors in cellular functions associated 

with this biological sample. 

 

3.2.1 NEC Membrane Proteins   

Among proteins exclusively identified in NEC membrane fraction, we observed 

an important enrichment of functions associated with molecular transport, protein 

trafficking and cell-to-cell signalling/interaction (Figure IV.4 and Table IV.4SD) 

bellow described in detail.  
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Figure IV.4: Most significant molecular and cellular functions attributed to 

proteins present in sNEC (dark grey), mNEC (light grey) and oNEC (black) according 

to IPA. The y-axis shows the - log of the p-value calculated based on Fisher’s exact test. 

The dotted line represents the threshold above which there are statistically significantly 

more genes in a biological function than expected by chance. 

 

3.2.1.1 Molecular transport 

According to IPA analysis, the main function of proteins identified in the 

membrane fraction of NEC is molecular transport, mostly related to aminoacid, lipid 

and/or ion transportation (Table IV.4SD). Several ion channels were identified in this 

fraction in accordance with the major role of epithelial in ion transport processes, 

regulation of volume and composition of airway surface liquid (ASL), which is critical 

for normal lung physiology. The electrogenic Na
+
/K

+
-ATPase subunits (ATP1A1, 

ATP1B1, ATP1B3), components of a pump located at basolateral membrane that drive 

the absorption of Na
+
 at the apical membrane through ENaC [35], were identified. Na

+
 

absorption generates a transepithelial electrical potential difference that leads to 

transepithelial Cl
-
 absorption to maintain the electroneutrality of the ion transport 

process. Cl
-
 first enters the cell through a basolateral Na

+
-K

+
-Cl

-
 co-transporter 

(NKCC2), which was identified in our data. Cl
-
 is then secreted at the apical membrane 

via, for example, the cystic fibrosis transmembrane conductance regulator (CFTR). The 

electrical driving force for Cl
-
 secretion is also supplied by basolateral K

+
 channels [36]. 

Curiously, despite we can assess CFTR in human NEC by immuncoytochemistry 

[29,37,38] neither CFTR, ENaC or basolateral K
+
 channels were uncovered from the 

MS data based on the two unique peptides in three independent runs’ restriction criteria 

used in our analysis. However, lowering the restriction criteria from two to one peptide, 

CFTR was identified in four independent experiments by a total of five unique peptides, 
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all corresponding to cytoplasmic domains of the CFTR. Technical difficulties associated 

with high hidrophobicity and glycosilation of CFTR together with low expression levels 

of CFTR in NEC seem to be strong arguments to explain our observation [39,40]. 

Similarly, basolateral K
+
 channels such as KCNN1, KCNN4, KCNJ5, KCND1 and 

KCNAB1 were also identified according to this less conservative analysis, probably 

reflecting the reduced abundance of these proteins in the cells, regardless their 

imperative role for cellular function.  

A subunit of the electrogenic H
+
/K

+
-ATPase (ATP12A) was also identified here, 

which, along with Na
+
/K

+
-ATPase, is responsible for maintenance of osmotic balance 

and intracellular ionic composition. Absorption or secretion of water is driven by 

osmosis, determined by transepithelial NaCl movement, and occurs through the lipid 

layer and through aquaporins [41,42]. Here, AQP5 is the only molecule identified 

representing water movement across nasal epithelium. 

Our data also revealed the presence of the Na
+
/H

+
 exchanger NHE1 and the 

bicarbonate transporter NBC1, which are involved in the maintenance of epithelial acid-

base balance. The countertransport of H
+
 in an electroneutral manner (1Na

+
:1H

+
 

stoichiometry) by NHE exchangers, propelled by the inward Na
+
 gradient established by 

plasma membrane Na
+
/K

+
-ATPase pumps, allows extrusion of H

+
 excess (acid 

equivalents) accumulated by cellular metabolism. Additionally, bicarbonate 

cotransporters allow extrusion of HCO3
- 

(1Na
+
:1HCO3

-
 stoichiometry), a cellular 

biological buffer that plays an important role on solubilization of macromolecules such 

as mucins and digestive enzymes in secreted fluids. Thus, the activity of those proteins 

are crucial not only to fine control of intracellular pH and but also to physiological 

processes such as cell volume control, systemic electrolyte, acid-base fluid volume 

homeostasis and epithelia protection from injury [43,44].  

Other ATPases were represented in this fraction, namely Ca
2+

 pumps. Three 

Ca
2+

-ATPases have been described in the cells of higher animals. They are located in 

the membranes of endo(sarco)plasmic reticulum, including the nuclear envelope 

(SERCA pump), the Golgi network (the SPCA pump) and plasma membrane (PMCA 

pump) [45]. Each pump is a product of a multigene family, the number of isoforms 

being further increased by alternative splicing of the primary transcripts. Here, several 

components of those three Ca2
+
 pumps were identified: ATP2A1, ATP2A2 and 

ATP2A3 from SERCA pump; ATP2C1 from SPCA pump; and ATP2B1, ATP2B4 from 
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PMCA pump [45]. Components of V-type H
+
-ATPase were also revealed, namely two 

subunits belonging to the membrane-embedded V0 complex (ATP6V0A4, ATP6V0C) 

and two subunits belonging to the cytoplasmic V1 complex (ATP6AP1, ATP6V1E1), 

responsible for H
+
 translocation across the membrane and mediation of ATP hydrolysis. 

Firstly associated with endosomal membranes, this pump was also found in plasma 

membranes where the proton pump energizes transport across cell membranes and 

entire epithelia [46]. The Cu
2+

-ATPase 7B (ATP7B), also observed in our data, is 

responsible for the delicate balance of Cu
2+

 in the cells and throughout the whole body 

in association with ATP7A. Its absence or malfunction leads to severe human genetic 

disorders, Menkes and Wilson diseases. ATP7B is primarly expressed in the liver but it 

was also observed at lower levels in brain, heart and lungs [47]. Combined data from 

various reports on polarized hepatic cells suggest a continuous recycling of ATP7B-

containing vesicles between sub-apical compartment and the apical membrane for Cu
2+ 

release as its levels increased in the cell [47]. 

Among the identified proteins, it should be highlighted the identification of 

membrane proteins responsible for drug transport belonging to the ATP-binding cassette 

(ABC) transporter C family (ABCC1, ABCC3, ABCC4). In particular, ABCC1 (also 

known by MRP1, Multidrug Resistance Protein 1) is highly expressed mainly at the 

basolateral side of bronchial epithelial cells, namely ciliated and goblet cells. This is 

consistent with our data where a high number of unique peptides were detected for this 

protein (Table IV.1SD). MRP1 confers resistance to several chemotherapeutic agents 

including vincristine, daunorubicin and methotrexate. Physiological substrates for 

MRP1 are e.g., leukotriene C4 (LTC4) and glutathione disulfide. Interestingly, these 

substrates play an important role in lung physiology with respect to inflammation and 

oxidative stress [48]. ABCC3 (or MRP3) gene is the closest MRP1 homologue. Its 

product is involved in resistance against the anti-cancer drugs etoposide, teniposide and, 

at higher concentrations, also to methotrexate. The physiological function for ABCC4 

(or MRP4) is still largely unknown. They may serve as an efflux pump of nucleosides 

cAMP and cGMP at low affinity, likely in a GSH-independent manner, having thus 

different substrate’s specificities. In summary, expression levels of these transporters at 

airway epithelium, in particular NEC should be crucial for detoxification and might 

have implications in therapeutic strategies for respiratory diseases.  
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3.2.1.2 Protein Trafficking  

IPA also ascribed a large number of proteins from membrane fraction to 

vesicular transport. From a total of 56 proteins, several are known to be involved in 

SNARE protein-mediated membrane trafficking, responsible for docking and fusion of 

vesicles to targeted membrane. Associated-molecular machinery identified in this 

fraction includes vesicle-trafficking protein SEC22B and SEC23-interacting proteins, 

STX7, STX8 and STX18, VAMP2, VAPA, USE1, SNAP23 and GOSR1 proteins [49]. 

In this functional group, it is also observed the secretory carrier membrane proteins 1, 2 

and 3 (SCAMP1, SCAMP2 and SCAMP3), α- and γ1-adaptin (AP1G1 and AP2A1, 

respctively), all components of adaptor protein complexes involved in cargo selection 

and vesicle formation associated to clathrin-dependent endocytosis  [50-52]. Proteins 

belonging to GTPase family, representing regulators of eukaryotic vesicular membrane 

traffic [53] such as RAB10, RAB13, RAB6A and RAB7A, were also grouped here. 

Concordantly, IPA revealed caveolar-mediated endocytosis as a canonical 

pathway enriched in membrane fraction. Caveolae are plasma membrane invaginations 

characterized by flask-shape morphology, enriched in cholesterol and 

glycosphingolipids. They are proposed to be important in lipid transport, acting as 

scaffolding or organizing platforms for signalling events that include endothelial nitric 

oxide synthase (eNOS) activation and recruitment of protein kinase C isoforms to the 

plasma membrane [54]. Two proteins, flotilin 1 and 2 (FLOT1 and FLOT2) known as 

structural molecules for caveolar support were also identified. Curiously, Caveolin-1 

(CAV1) was only observed after opening previously described criteria. According to 

some evidences, flotilins are involved in an alternative noncaveolin-dependent 

mechanism for structural support of caveolae [55,56]. Whether our observation reflects 

the predominance of flotilins over CAV1 in NEC or if it is an artefact of sample 

preparation remains to be elucidated.  

Evidences show a link between caveolar-mediated endocytosis and regulation of 

cell adhesion [57], through internalization of integrins (ITGA2, ITGA3, ITGA6, 

ITGAM, ITGAV, ITGB1, ITGB2 and ITGB4), also grouped here. The same was 

observed for several members of small GTPase superfamily, RAB5A, RAB5B and 

RAB5C, which seem to have an important role in caveolae dynamics [58].  

 



 128 

3.2.1.3 Cell-to-cell signalling and interaction 

Significant number of proteins associated with cell-to-cell signalling/interaction, 

were identified and include intercellular adhesion molecules which make part of tight 

(CLDN1, CLDN3, F11R), adherens (CDH1, CTNNA1, CTNNB1, CTNND1), 

desmosome (PKP2, DSG2, DSG3) and hemidesmossome junctions (ITGA2, ITGB1, 

ITGAV, ITGA6, ITGA3, ITGB2, ITGB4) [59]. These structures are located at plasma 

membrane and have an important function of establishing physical interactions between 

adjacent cells, maintaining integrity and impermeability of airway epithelia [60,61]. In 

addition, a substantial number of proteins are involved in receptor activity which is 

compatible with the important role of epithelial cells in sensing changes in its 

environment [3]. This group includes proteins belonging to the small GTPase 

superfamily (RAB13, RAB21, RAP1A, RAC1), tyrosine protein kinase family (EGFR, 

IGF1R, ERBB2, EPHA2) and tyrosine protein phosphatase family (PTPRC, PTPRJ). 

Some molecules involved in immune response were also grouped here. It is the case of 

HLA-A, HLA-DRA proteins, constituents of the MHC class I and II, respectively, the 

antigen binders IGHG1, IGKC, IGHM, and leukocyte surface markers such CD47, 

CD9, CD59a and CD14. The latter marker was already described as cooperating with 

MD-2 and TLR4 to mediate the innate immune response to bacterial LPS  [3,62]. Other 

LPS-binding proteins such as neutrophil defensin, calgranulin A and B, cathelicidin 

antimicrobial peptide and bactericidal permeability-increasing protein were also 

identified, mostly in NEC soluble fraction, described as follows. 

Molecules involved in immune response can arise from several sources, 

including inflammatory cells resident in the epithelium. In accordance with current 

knowledge, their interaction with respiratory epithelia modulates innate and acquired 

immune response against microbial infections and inhaled toxic pollutants [16,18]. 
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3.2.2 NEC Cytoplasmic and/or Soluble Proteins   

Biological functions enriched in soluble fraction subproteome account for cell 

death, drug metabolism and protein folding, typical of cytoplasm/intracellular 

compartments (Table IV.4SD). The most relevant functions are discussed below. 

 

3.2.2.1 Cell death 

Cell death was found by IPA analysis as the main molecular and cellular 

function of proteins identified in the soluble fraction of NE (Figure IV.4). Exploring this 

group of proteins we observed different pathways contributing for this function such as 

oxidative stress response mediated by Nrf2, Myc mediated apoptosis signalling and 

also metabolism namely glycolysis/gluconeogenesis and citrate cycle. 

 

3.2.2.2 Oxidative stress response 

Glutathione (GSH) metabolism is one of the enriched functions retrieved by IPA 

in the soluble fraction for which several identified proteins make a noteworthy 

contribution (GSR, GSTP1, GSTA1, GCLC, IDH3A, GSTO1, PRDX6, IDH1) as well 

as NRF2-mediated oxidative stress response [63,64] (AKR7A2, GSTP1, SOD1, 

GSTA1, NQO1, GCLC, GSTO1, GSR, AKR1A1, SOD2, ERP29, STIP1, CAT, TXN) 

and free radical scavenging (CLIC6, DNL, HNRNPA3, ILF2, LGALS3BP, PDIA6, 

PPIA, PRB3, PRDX1, PRDX6, S100A8, TALDO1, TST, UBXN, ALB, ALDH2, 

GPX1, HSD17B10, HSPB11), especially reduction and catabolism of hydrogen 

peroxide (MPO, GPX1, PRDX1, PRDX2, PRDX3, PRDX5). GSH is one of the most 

powerful endogenous antioxidants, protecting molecules by conjugation with hydrogen 

peroxide to yield water and oxygen via glutathione peroxidase (GPX1). Oxidized 

glutathione (GSSG) is then regenerated to GSH by NADPH via glutathione reductase 

(GSR). NFR-2 [Nuclear factor (erythroid-derived 2)-like 2] is a transcription factor 

master regulator of the antioxidant response [63-65] by inducing expression of genes 

involved in combating oxidative stress and activating body’s own protective response. 

Examples of these are glutathione-S-transferase (GST) family, a group of cytosolic, 

mitochondrial and microsomal enzymes that catalyze the conjugation of GSH with both 

endogenous and xenobiotic electrophiles, whose members GSTA1, GSTK1, GSTO1 

and GSTP1 were identified here, and glutamate-cysteine ligase (GCLC), enzyme 
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involved in the rate-limiting step in the synthesis of GSH, was also found. GST and 

GCLC are induced by NFR-2 activation and represent an important route to eliminate 

potentially harmful and toxic compounds while balancing redox state of a cell [66,67]. 

This is in agreement with higher proportion of identified proteins involved in drug and 

xenobiotics metabolism (ALDH5A1, ALDH7A1, ALDH9A1, CAT, CES1, CES2, 

GCLC, GSTA1, GSTO1, GSTP1, HSP90AB1, NQO1, PPP2R1A). All these proteins 

are involved in the maintenance of an adequate oxidant/antioxidant balance in NEC, 

playing a decisive role in ameliorating the oxidative stress and protect the airway 

against hostility and injury promoted by the environment. Accumulation of ROS with 

concomitant attack to cellular membranes might compromise cellular structure 

maintenance and tissue integrity, therefore combating oxidative stress is a critical and 

vital function in this tissue. 

A slight enrichment of DNA replication, recombination and repair functions in 

soluble fraction was also observed (PTMS, GSTP1, UBE2N, GCLC, CBX3, TYMP, 

SET, PRDX6, ACIN1, NCL, SOD2, CAST, APEX1, RAD23B, NAP1L4, CALR, 

SOD1, CFL1, YWHAE, PPIA, ERH, NQO1, VIM, HMGN1, DDB1, ASAH1, NASP, 

PRTN3, XRCC6, CAT, CYCS, HMGN2, TMPO, NPM1), which, in conjugation with 

oxidative stress response machinery, may orchestrate a particular proteinaceous 

environment propitious to cellular division in accordance with the rapid turnover and 

regeneration of NE.  

 

3.2.2.3 Glucose metabolism and reducing equivalents production 

A high proportion of proteins involved in glycolysis/gluconeogenesis (ADH1C, 

PGM1, TPI1, ALDH9A1, LDHB, AKR1A1, GPI, ADH7, ENO1, PGAM1, DLD, 

FBP1, ALDH5A1, ALDOC, ALDH7A1), pentose phosphate pathway (GPI, HIBADH, 

PGLS, TALDO1, PGM1, FBP1, ALDOC) and citrate cycle (SUCLA2, CS, SUCLG2, 

SUCLG1, DLD, IDH3A, MDH1, FH, ACO1, IDH1), processes taking place in the 

cytosol and mitochondrial matrix, were predominantly allocated to the soluble fraction. 

(Table IV.4SD). The latter mentioned processes are closely related to the 

unquestionable importance and function of NE as the first barrier between environment 

and organism’s interior. This interface is constantly being exposed to physical and 

chemical aggressions resulting in increased wound healing and remodelling 

[16,18,68,69]. It is therefore expected that this epithelium has increased demands of 
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high energy compounds (ATP and NADH), reducing equivalents (NADPH) and 

pentoses, molecules derived from the mentioned processes, while maintaining a 

constant reservoir of glucose to guarantee proper physiological functions and assure 

tissue integrity and structure. Of particular interest is the generation of pentoses for the 

synthesis of nucleotides and nucleic acids for consequent use in genomic material 

processing and NADPH which main functions account for reductive biosynthesis (e.g. 

fatty acids synthesis) and protect cells from oxidative stress by glutathione reduction 

[70].  

Some abundant proteins associated with metabolism and energy pathways 

(PKM2, ALOX15, HK1, HADHB, LDHA, HADHA, PGK1, FDXR, ATP5B, 

ATP5A1), regulation of gene expression and nucleobase, nucleoside, nucleotide and 

nucleic acid metabolism (ILF3, PML, DDX3X, EWSR1, LGALS3, XRCC5) although 

predominately found in the soluble fraction was also observed in membrane fraction.  

 

3.2.2.4 Protein folding and degradation  

Protein folding and degradation also appear as processes overrepresented in 

soluble fraction. These processes occur naturally in the cytosol associated with ER, 

Golgi and transport vesicles constituting pathways of proteins’ processing and 

maturation until a final functional form.   

Proteins such as CALR, UGGT1, ERP29, ERP44, HSP90AB1, HSP90AA1, 

PDIA6, PPIA, HSPE1, ERO1L, TXN, ST13, HSPA5, HSPA8, HSPD1 and RUVBL2 

are mainly assigned to folding while ALDH1A1, ALDH3A1, MPO, HSP90B1 and 

HSPA5 strongly contribute to proteins’ turnover mechanisms. Several of the identified 

proteins present chaperone activity ensuring proper proteins’ homeostasis and 

upholding of a functional tissue. 

Post-translational modifications are the late stage phenomena occurring during 

protein synthesis and influence protein’s conformation and therefore its function. 

Several identified proteins (PEBP1, PRDX4, UBE2N, GNB2L1, ST13, SET, PRDX6, 

HSPA4, SOD2, HSP90AB1, PARK7, HSPE1, SERPINA1, TXN, CAST, PPP1CA, 

ALDH5A1, ALDOC, CALR, P4HB, PPIA, OAT, ERO1L, DDB1, PPP2R1A, UGGT1, 

ERP29, ERP44, PDIA6, CAT, PSAP, GLUL, CAPN2, UBA1) are closely related to this 

event. The modifications highlighted by the stated proteins are mainly aminoacid-based, 
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like auto-oxidation of cysteines and tyrosines by CP, ALB and MPO, respectively, 

deamination of glutamine acid by GLUD1 or exposure of lysines by ANXA2 while 

proteins’ homotetramerization is the result of the action of ALDH1A1, DECR1 and 

HSD17B10. However, post-translational modifications of aminoacids extend the range 

of protein’s functions by attaching to it other biochemical functional groups, changing 

its chemical nature or by making structural rearrangements.  

 

3.2.2.5 Cytoskeleton  

A predominance of actins and actin-related proteins were found in the soluble 

fraction. This is illustrated by the identification of ACTN1, ACTR2, ACTR3, ARPC2, 

ARPC3 and ARPC4 but also CFL1, GSN, MSN, MYL6, MYL12A, PPP1CA, 

TMSB4X, VCL and ARHGDIA. 

Most of these cytoskeleton constituents are involved in cellular assembly, 

organization and Rho-dependent movement, biological processes also enriched in the 

soluble fraction subproteome. In fact, members of the Rho GTPase family have been 

shown to regulate many aspects of intracellular actin dynamics [71], acting like 

molecular switches of cell proliferation, apoptosis, cell polarity or vesicular trafficking. 

They also participate in the formation of the lamellipodia and filopodia by encouraging 

actin retraction [72], fundamental to cellular movement and wound healing. 

Corroborating this outcome was the identification of several subunits of the ARP2/3 

complex (ARPC2, ARPC3, ARPC4, ACTR2, ACTR3), proteins present at the 

microfilaments junctions that help to create the actin meshwork [73]. Observation of the 

mentioned proteins substantiates their part in the maintenance of an architectural 

structure that fits the function of the epithelium. 

Some other components of cytoskeleton (PFN1, COL1A2, ACTB, ACTN4, 

DSP, KRT17, KRT10, LMNA, YH11, PLEC1), and cell communication processes 

(ANXA11, ANXA2, ANXA1, S100A11, LCP1, JUP, RAB1A) found in the soluble 

fraction were also identified in the membrane fraction, reflecting their close association 

with membranes or membrane proteins.  
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3.3 Protein Abundances according to emPAI and % mol 

The characterization of proteins’ abundance in a particular cell/tissue may 

provide important information about its functional contribution to the organism 

physiology. Qualitatively, some parameters such as hit rank, score and number of 

peptides per protein, i.e., integrated peptide ion count measurements [74], can be 

considered as indicators of protein abundance in a sample [75]. Recently developed, 

identification-based algorithms that include emPAI have shown a high correlation with 

the actual protein amount in complex mixtures with a wide dynamic range [33]. 

Although emPAI’s accuracy is inferior to absolute quantification using synthesized 

peptide standards, it is effective in providing the information of protein abundances 

within the proteome of interest. We used emPAI to estimate protein content in NEC, 

expressed in molar percentages for each identified protein (% mol), highlighting the top 

100 most abundant and scarce proteins in each subproteome (Table IV.5SD). 

 

3.3.1 Top 100 Most Abundant Proteins   

The top 100 most abundant proteins constitute 49.4% and 39.8% of the total 

proteins identified in membrane and soluble fraction, respectively (Table IV.5.3SD). 

Among the top 100 proteins, mitochondrial and ribosomal proteins are highly 

represented. Several subunits of cytochrome c oxidase, the terminal oxidase in 

mitochondrial electron transport (MT-CO2, COX4I1, COX5B, COX6C), and subunits 

of the mitochondrial membrane ATP synthase (ATP5F1, ATP5H, ATP5I, ATP5J2, 

ATP5L), which are involved in energy production and ATP metabolism, were detected 

in high abundance. Structural constituents of ribosome, namely several members of the 

40S and 60S subunits of the ribosome (RPS14, RPS16, RPS17, RPS18, RPS24, RPS25, 

RPS3, RPS9, RPL18, RPL19 and RPL7) were also stressed up.  

Keratins (KRT10, KRT18, KRT19, type I keratins and KRT1, KRT5, KRT7, 

KRT8, type II keratins) and tubulins (TUBB2A and TUBA1A), among others (PFN1, 

ACTA2, GSN, TMSB4X) were also found in a high abundance both in membrane and 

soluble fractions. High abundance of keratins is in agreement with its known 

importance as structural stabilizers of epithelial cells given its polimerization into 

keratin filaments. Intracellularly, they braid the nucleus, span through the cytoplasm and 

are attached to the cytoplasmic plaques of the desmosomes. Thus, it seems that they are 
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inherent part of the continuum of stability from the single cell to the tissue formation 

[76]. The identified tubulin isoforms, TUBB2A and TUBA1A, were described as 

having additional role in airway epithelium besides being important components of 

microtubules and building blocks of cilia of tall columnar cells [77].  

Identification of LPLUNC1 as one of the most abundant proteins in NEC 

membrane fraction seems relevant for innate immunity in upper airway. This protein 

belongs to the PLUNC family which are structural homologues of LPS-binding protein 

and the bacterial permeability–increasing protein, both of which are known mediators of 

host defence against gram-negative bacteria [78]. Additionally, other antimicrobial 

components such as cathelicidin antimicrobial peptide (CAMP) and cathepsin G were 

also included here.  

Proteins associated with protein folding and processing such as ANXA2, 

HSPB1, PDIA3, HSP90AA1, P4HB, HSPA9, PPIA, HSP90B1, HSPA8, HSPA1A, 

HSPD1 and PDIA4 are also among the top 100.  

Another key function that is associated with the group of abundant proteins is 

metabolism and detoxification of xenobiotics by cytochrome P450 (ALDH2, GSTP1, 

ADH7, GSTA1, ALDH3A1, GSTK1). This occurs in tight conjugation with antioxidant 

response of the cells and glutathione association (GSTP1, GSTA1, IDH2, GSTK1) to 

eliminate potentially harmful compounds that might contribute to destabilization of the 

tissue. 

Several top 100 abundant proteins have been described as associated with 

development, progression and or metastasis of lung cancer (AGR2, ALDH3A1, 

ALDOA,  GSN, HSP90AA1, HSP90B1, KRT5, KRT19, PPIA, S100P, SERPINB3, 

TMSB4X, TPI1, TUBA1A, VIM, YWHAE, S100A4, CTSB) and other respiratory 

disorders (ACTA2, GAPDH, HBB, HSP90B1, S100A4, S100A9, S100P, TALDO1, 

TXN). Two key proteins previously described in a cystic fibrosis mouse model by our 

group [79], retinal dehydrogenase 1 (ALDH1A1) and aldehyde dehydrogenase 

(ALDH2), along with ADH7, are crucial enzymes in retinoic acid metabolism, a 

hormone known as  important regulator of organ development and homeostasis, 

including the lung [80]. Expression of ALDH1A1 in airway epithelium has already been 

confirmed by in situ hybridisation of embryonic lung [81].  
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3.4 NE proteome relevance to respiratory diseases 

The comparison of NEC proteome herein obtained (1482 proteins) with the one 

previously reported  for mainstream bronchus epithelium (859 proteins) also harvested 

by brushing [82] revealed that there are about 517 proteins commonly expressed by 

both airways epithelia (Figure IV.5 and Table IV.6SD). Despite those authors have used 

1D-PAGE-LC-MS/MS, a technique adequate for membrane proteins’ analysis, the 

nature of these overlapping proteins is mainly soluble probably due to the fact that we 

have used prefraccionation strategies for higher enrichment of membrane proteins. The 

major molecular function associated to the overlapping portion is catalytic activity, 

including oxireductase and hydrolase activities.  

 

 

Figure IV.5: Venn diagram depicting a comparison of proteins identified in nasal 

epithelium in our study with those identified in bronchial epithelium by Steiling et al. 

2009. Comparative analysis was performed by Ingenuity Pathways Analysis software. 

 

Among these, 142 proteins are annotated by HPRD as being expressed in 

respiratory epithelium that includes not only nasal and bronchial epithelium but also 

lung epithelium and bronchoalveolar fluid (BALF). For example, PLUNC, which we 

described above as one of the top 100 most abundant proteins, polymeric 

immunoglobulin receptor and aldehyde dehydrogenase 3B1 were described by Steiling 

et al. [82] and observed within bronchial epithelial cells, airway epithelia and lung, 

respectively, accordingly to HPRD. Proteins such as CD44, HLA-DRA, MUC1 and 
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AQP5, described in the present work (mNEC proteome) but not in Steiling’s work, are 

also annotated in HPRD as expressed in bronchial epithelial cells.  

Altogether, these results corroborate previous idea that NEC can reflect airway 

molecular environment and thus be used as a complementary sample in biomarker 

discovery for pulmonary diseases. In fact, about 141 proteins herein identified have 

been reported as associated with the development and/or progression of several 

respiratory diseases (Table IV.7SD). Lung cancer appears as the pathology with more 

associated proteins (75 out of the 141). Other diseases emerged from IPA’s analysis 

namely severe acute respiratory syndrome (SARS) (ACSL1, ACTN1, ANPEP, BPI, 

CAMP, CD9, CD63, CLU, DEFA1, FLOT2, GAPDH, GLUL, GSTO1, HBG1, 

HIST1H1C, HP, ITGAM, LCN2, LTA4H, LTF, MNDA, MTX1, PDXK, RAB13, 

S100A9, S100P, SERPINA1, TALDO1, TCIRG1, TKT, TUBB2C) or pneumonitis 

(ACO2, ACTB, ALB, ALDH2, ALDOA, ANXA3, CAMP, ENO1, HSPA5, HTT, 

MYH9, NOS2, P4HB, PDIA3, PRDX1, PRDX6, SELENBP1, STAT3, TKT, TOP2B, 

TPI1, TUBB). Two proteins, NOS2 and TPI1, have been associated with asthma while 

MPO and LTF, as mentioned before, have been involved in the development of Cystic 

fibrosis  [83,84]. In addition, recent results from our group and others also showed that 

ENO1 and SELENBP1 are in somehow implicated in the progression of Cystic Fibrosis.  

 

4. SUMMARY 

The present study was carried hypothesizing that nasal epithelia reflects lower 

airways’ events and thus be a useful alternative specimen to highly invasive biopsies for 

biomarker discovery-based studies on lung diseases. Although nasal fluid, 

bronchoalveolar lavage and sputum have been extensively used to assess airway 

physiology, they mainly provide secreted and tissue leakage molecules that may not 

effectively reflect cellular events. Here, we delivered to most complete to date proteome 

profiling of NEC by using an improved subcellular fractionation method followed by a 

high sensitive multidimensional protein identification technology and unravelled 

mechanisms and processes intimately correlated with normal and pathological lung 

function. Most of the identified NEC proteome overlaps with that previously described 

for bronchial epithelia providing extra consistency on our contend about the usefulness 

of these cells in lung research. 
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The results achieved here can serve as basis for better understanding of 

molecular features underlying chronic respiratory diseases using non-invasive and 

easily collectable specimens that are physiologically and molecularly similar to those on 

lower airways.   
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Deep Proteome Profiling of Nasal Epithelial 

Cells: Consequences for Impaired Respiratory 

Function in Cystic Fibrosis Patients 
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ABSTRACT 

Respiratory failure is the most life-threatening condition in CF patients and lung is the 

most compromised organ in this multifactorial disease caused by mutations in a gene 

coding for a cAMP-regulated Cl
-
 channel, the CFTR protein. Due to ethical and 

practical constrains in obtaining lung biopsies, nasal epithelial cells (NEC) can be used 

as surrogates of bronchial epithelia as described previously and, therefore be used in the 

study of CF lung disease. 

Here, a wider comparative study of NEC proteome from CF patients with mild or severe 

lung disease in comparison with that from healthy CF-carriers or non-CF carriers was 

performed using a combination of cell fractionation techniques and two-dimensional 

chromatographic separation associated with tandem MS analysis. About 3000 proteins 

were confidently identified and compared across conditions. Functional characterization 

of the differentially expressed proteins in the NEC membrane fraction highlighted 

altered antigen presentation (ANXA 1 and 2, CTSG, EPX, LYZ), mitochondrial 

dysfunction with impaired energy production (COX4I1, COX6C, SLC25A4) and 

imbalanced inflammatory response (CYBA, CD63, ITGAM, ANPEP). In the NEC 

soluble fraction, the main regulated functions corresponded to free radical scavenging 

(SOD 1 and 2, CAT, GPX1), protein synthesis and folding (HSPA5, HSP90AA1, 

PDIA6, ERP29) and degradation of extracelular matrix (CTSB, CTTN, MMP9). Several 

identified proteins have been already associated with respiratory diseases (LPLUNC, 

LTF, PPIA, ENO1, ALDOA, HSP90AB1, S100P, CTSZ, CBR1). Altogether, these 

results emphasize further value of using native NEC in CF investigation by showing 

primary molecular networks/pathways which involve proteins that may constitute 

candidate biomarkers for CF lung disease. 
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1. BACKGROUND 

Investigating proteome profiles and exploring altered proteins’ expression as 

consequence of pathology is the main focus of proteomic studies. Choosing the most 

adequate biological sample to achieve such purpose is the first challenge to ensure that 

reliable results and conclusions are obtained. Monogenic disease cystic fibrosis (CF) is 

classically characterized by complications in the gastrointestinal tract, reproductive 

system with the most severe consequences occurring at the lung level [1,2]. Persistent 

pulmonary infections, airways obstruction, remodeling and fibrosis remain the most 

life-limiting condition resulting in patients’ death due to lung failure. Mutations in the 

CF transmembrane conductance regulator (CFTR) gene are translated into an altered 

CFTR protein that grounds cause abnormal chloride transport in the respiratory 

epithelium and alters the mucocilliary clearance of airway secretions that become 

plugged and trapped creating favourable environment to opportunistic pathogens to 

colonize the airways [3,4]. Ideally, lung tissue would be the desirable biological sample 

to work with when dealing with CF’s respiratory disease but collecting lung tissue for 

investigation studies out of the medical context can raise ethical constrains. Several 

studies focused their investigation into bronchoalveolar lavage fluid (BALF) [5-7], 

sputum [8-11], mucus [12,13] or airway surface liquid (ASL) [14,15] as means to study 

lung’s destruction in CF by its leakage products but few dedicate it to the cellular level 

[16-18]. 

We have recently reported the most complete to date characterization of the 

nasal epithelia cells’ (NEC) proteome (for details, see chapter IV) and made proof-of-

concept about using NEC as surrogates of bronchial cell to mimic lungs’ 

microenvironment [19-27] in investigation of respiratory diseases. 

Since the discovery of the CFTR gene in 1989 [28,29] it has become clear that 

genotype differences and CFTR impairment alone do not explain the entire complex CF 

clinical phenotypes [30-32] and that secondary factors significantly influence the 

severity of lung disease [33-35]. Numerous modifier genes have been purposed and 

include those whose products that may improve or correct abnormal chloride transport 

of CFTR, modulate the cycle of infection/inflammation, regulate oxidant/antioxidant 

status and trigger airways’ reactivity. 

Using an improved strategy in sample fractionation and protein analysis, it is our 

goal to increase the knowledge on pathways, processes and proteins actively involved in 

CF’s NEC with influence in lungs’ disease phenotype.  
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2. MATERIALS AND METHODS 

2.1 Demographics and Sample Collection/Preparation 

Ethical approval and informed consent were obtained from participating 

institutions and enrolled individuals, respectively. NEC were collected by a brushing 

procedure previously described by our group [36] from 26 CF patients free of nasal 

complications and undergoing standard medical treatment, namely trobamycin and 

nebulized recombinant human dornase alpha, to reduce sputum’s viscosity and control 

respiratory exacerbation. CF patients were further characterized as mild or severe 

according to their respiratory function based on clinical criteria and spirometry 

measurements [37] (Table V.1) 

 

Table V.1: Demographics of Cystic Fibrosis (CF) patients and Carriers used for NEC 

collection. Disease severity was accessed by spirometry measurements and clinical 

evaluation according to [37]. Healthy individuals were chosen to match similar 

demographic conditions as the CF patients. 

 

  Group 

 CF Patients 

 
Controls 

Total Mild Severe 
Carriers 

n 23 26 9 17 16 

Age (mean ± SD) (39±9) y (27±8) y (27±9) y (27±8) y (42±9) y 

15 F 15 F 6 F 11 F 10 F 
Gender 

8 M 11 M 3 M 6 M 6 M 

Genotype ∆∆∆∆F/∆∆∆∆F (%) NA 7 (27%) 1 (11%) 7 (41%) NA 

Genotype ∆∆∆∆F (%) NA 19 (73%) 8 (89%) 10 (59%) 9 (56%) 

FVC % (mean ± SD) 93 ± 11 77 ± 24 89 ± 23 71 ± 23 --- 

FEV1 % (mean ± SD) 91 ± 12 60 ± 27 80 ± 24 51 ± 24 --- 

Colonization P. 

aeruginosa (%) 
--- 60 45 67 --- 

BMI (mean ± SD) --- 21.1 ± 3.5 22.9 ± 3.6 20.3 ± 3.2 --- 

 

Sixteen healthy carriers of one mutated CFTR allele, mostly parents of CF 

individuals, and 23 age- and gender-matched healthy (free of respiratory complications; 

FEV1 %≥80%) individuals previously genotyped for the most common mutations 

present in the Portuguese population [38,39] to exclude potential asymptomatic CF-

carriers/patients were used for comparison purposes. After collection, membrane and 

soluble subproteomes were isolated by ultracentrifugation and analysed by label-free 
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2D-LC-MS/MS as previously described by us (chapter IV) to obtain proteins’ 

identification and quantitative information on unique and total peptides sequenced. A 

list of proteins with the correspondent unique and total peptide counts (UPC and TPC, 

respectively) for each specimen in each condition analysed was obtained. 

 

2.2 Data Normalization and Relative Protein Quantification using a Label-

Free Approach 

  2.2.1 Relative Quantification by Total Signal (TS) 

From the total list obtained, proteins were first filtered by TPC ≥ 2 and 

normalized by total signal (TS) approach according to Carvalho et al. [40]. Briefly, for 

each condition, TS is calculated by the sum of all individual protein’s TPC (iTPC) and 

used as denominator in the fraction were the numerator is the TPC for a particular 

protein (iTPC/TS). This process is repeated along the list of proteins, therefore 

normalizing the counts for each protein in the considered condition. Relative 

quantification is achieved by comparing these normalized TPC (normTPC) for the same 

protein across the different conditions analysed and proteins evidencing a fold change of 

± 1.5 were considered as differentially expressed and further explored in terms of 

biological and functional relevance. 

 

  2.2.2 Relative Quantification by exponentially modified Protein 

Abundance Index (emPAI) 

Relative quantification was also estimated by exponentially modified protein 

abundance index (emPAI) previously described by [41] and [42] as there is general 

assumption that the number of peptides sequenced per protein correlates with the 

protein’s content in the mixture. This index is a handy and easily computed indicator 

that can be used to produce protein expression data from any LC-MS-based strategy, 

especially in cases where isotope-based approaches cannot be applied. Obtained emPAI 

values of proteins were then compared across samples. Proteins displaying at least a ± 

1.5 fold difference in abundance were considered as differentially expressed. 
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  2.2.3 Data Analysis 

As similarly performed in the full characterization of the NEC proteome (chapter 

IV), hydrophobic character (GRAVY) and putative transmembrane domains (TMD) 

were calculated by Gene Infinity tools 

(http://www.geneinfinity.org/sms_proteingravy.html) and Centre for Biological 

Sequence TMHMM server (http://www.cbs.dtu.dk/services/TMHMM), respectively. 

Interpretation of the differentially expressed proteins was performed by 

Ingenuity Pathway Analysis (IPA) knowledgebase, online tool Protein Information 

Knowledge Extractor (PIKE) and Gene Ontology (GO) to integrate those proteins into 

pathways with biological significance while exploring their individual function and 

localization.  

 

2.2.4 Western Blot 

30 µg of protein from total protein extract of NEC from the groups under 

analysis were separated on 4-12 % (w/v) polyacrylamide gels, transferred to 

nitrocellulose membranes (Schleicher&Schuell) and analyzed by western blot, each 

triplicate analyzed in independent gels. Membranes were probed with mouse 

monoclonal anti-GPX1 (Abcam 68360) (10µg/ml) in PBS supplemented with 5 % (w/v) 

fat free milk for 2 h at ambient temperature and developed using chemiluminescence-

ECL (Pierce). After development, membranes were washed with stripping buffer [1.5% 

glycine (w/v), 0.1% SDS (w/v), 1% Tween-20 (v/v), pH 2.2] 5 times for 10 min, 

washed with PBS 6 times for 5 min before blocking with PBS supplemented with 5 % 

(w/v) fat free milk overnight. At this point, the membrane is ready to be incubated with 

another antibody. Following the same protocol, membranes were probe with anti-

ATP5A1 (Abcam 14748) (0.2µg/ml). The abundance of selected proteins was 

calculated from densitometry of immunoblots using Progenesis PG200v2006. 
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3. RESULTS AND DISCUSSION 

There has been some controversy over the use of NEC as a surrogate model of 

lower airways portion in lung pathophysiology studies. Some authors claim that NEC 

are not representative of bronchia and bronchioles while others argue that there seem to 

be more similarities than differences between upper and lower airways. However, the 

concept of ‘united airways’ where changes in the first might seriously compromise the 

function and structure of the latest has been generally accepted. We have previously 

characterized NEC’s proteome by a broad high-throughput technology highlighting 

proteins, functions and pathways active in this epithelium while establishing a proteome 

portrait that evidence the properties of lower airways. This is of particular biological 

relevance for the study of pulmonary diseases, such as Cystic Fibrosis (CF), a 

monogenic disease compromising the function of several organs but where respiratory 

complications and lung failure are the most life-threatening conditions. Two objectives 

drove the design of the present work: to identify differences in protein abundances by 

comparing (1) healthy non-CF, CF-carriers and CF patients (genotype-based analysis) 

and, among those, (2) patients with mild or severe lung disease categorized based on 

FEV1 % predicted accordingly to Johnson et al. [37] (respiratory-based analysis). 

Previous studies in primary respiratory cells [43], mice [44,45], BALF and sputum 

[5,7,8,10,11,46]  and also in NEC [16-18], the same biological sample used here, have 

provided comparisons between CF and non-CF. Our work, however, provides the 

deepest and most complete to date proteome comparative analysis of these cells 

indicating the imbalanced proteinaceous environment and possible consequences in 

welfare of CF patients. As so, NEC are used here as a model to investigate the 

molecular determinants in the development and/or progression of CF respiratory 

disease. 

 

3.1 General considerations on the differentially expressed proteins 

identified in NEC from CF patients 

We fractionated NEC into membrane and soluble/cytoplasmic subproteomes by 

ultracentrifugation and incubation in specific buffers to simplify and enhance the 

identification of low abundant proteins. The false discovery rate (FDR) calculated by 

searching the data against a decoy database was 4.5%. 
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 Hydrophobicity and predicted number of TMD of the differentially expressed 

proteins identified here are in accordance with previous results, showing an enrichment 

of highly hydrophobic specimens with more putative TMD in the membrane fraction, 

whereas proteins with lower hydrophobicities and absent (or reduced, in a minority of 

cases) TMD are mainly allocated to the soluble portion. The overlap fraction between 

the two subproteomes encompasses an intermediary situation. Pre-cytological analysis 

evidenced that the majority of cells recovered are epithelial, fact corroborated by the 

identification of several epithelial markers such as KRT 5, 8, 13, 18 and MUC-5AC, all 

being up regulated in patients’ samples. 

 

3.2 Relative quantification strategies 

Label free strategies are based on the assumption that the abundance of a protein 

in a mixture is proportional to the number of its peptides identified. However, inter runs 

variability occurs and different methods to correct it have emerged allowing the results 

to be comparable. Here, we used two parallel strategies: normalization by total signal 

(TS) (Tables V.1.1SD and V.1.2SD) and exponentially modified protein abundance 

index (emPAI) (Tables V.2.1SD and V.2.2SD). The number of differentially expressed 

proteins obtained by each method is significantly different: TS relative quantification 

retrieved 512 differentially expressed proteins regardless the subproteome analysed 

while emPAI quantification showed a total of 1291 proteins (Table V.1SD and V.2SD). 

It is noteworthy to say that these numbers depend largely on the initial lists that are used 

for standardization. The TS normalization implies an a priori filtering on proteins 

identified by at least TPC ≥2 to sustain that identification is reliable, whereas emPAI 

normalization uses all proteins identified in the dataset (UPC ≥1) assuming that, if a 

protein is detected even by a single non-redundant peptide, than it must be present in the 

mixture. Yet, when emPAI normalization is performed on the data prefiltered with the 

TS criteria, the numbers converge to ~500 proteins and the expression tendencies are 

maintained in both methodologies. 

 

 3.3 Expression patterns of the differentially expressed proteins 

Interpretation of differentially expressed proteins was facilitated by construction 

of proteome profiles where tendencies of expression are shown (Figures 1 and 4) among 

the subcompartments isolated during sample preparation (membrane and soluble 

subproteomes). Ultimately, our goal is to provide protein patterns where CF patients can 
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be effectively distinguished from healthy individuals as well as other patients sharing 

CF-related symptoms.  

 

  3.3.1 Proteins from the membrane fraction 

Concerning the specimens identified in the membrane compartment, 260 

proteins were found as differentially expressed by TS method, 242 of them (93%) in 

common with emPAI standardization.  

The expression patterns created allowed the recognition of proteins consistently up or 

down regulated in the groups under comparison (Figure 1A and 1B). We observed EPX, 

CD44 antigen, CTNND1, KRT8, PLEC1 and JUP with consistently with increased 

abundances from healthy to CF carriers and then to patients. Except for JUP, higher 

levels of these proteins were also observed in CF patients with severe lung disease when 

compared with mild ones. 

 

3.3.1.1 Proteins involved in cytoskeleton and tissue remodeling 

Catenin δ-1 (CTNND1) belongs to a large multiprotein cell-cell adhesion 

complex that associates and regulates cellular adhesion of C- and E-cadherins, 

important to build-up a structured epithelium [47,48]. A study performed in human and 

rat cell lines showed that CTNND1 is more expressed in epithelial cells than in 

fibroblast (mesenchymal origin), although this expression was not cell-type restricted 

[49]. Work from Castillo et al. showed strong immunostaining for CTNND1 in lung 

tumours, making it a candidate for anticancer therapies [50]. Also, CTNND1 is induced 

by wounding [51], circumstance observed at the respiratory level in CF. Epithelial 

origin of CTNND1 and its involvement in lung pathology provides good correlation 

with CF lung disease.  

Cytoskeleton proteins are responsible for the scaffolding of proper cellular 

arrangements. Here, plectin-1 (PLEC1) and cytokeratin 8 (KRT8) have increased 

abundances in CF carriers and even higher levels in patients. Plectin-1 interacts with 

actin, cross-linking and stabilizing cytoskeletal intermediate filaments network but also 

regulating their dynamics [52,53]. Actins and actin-associated proteins (ACTB, 

ACTA2, PLXNB2) were identified in both membrane and soluble fraction, being more 

abundant in diseased. These proteins are fundamental in epithelial cells migration events 

but also in inflammation and immune response. 
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 Figure V.1: Proteome profiles of the differentially expressed proteins in the 

membrane fraction between healthy non-CF, CF carriers and CF patients (1A) and 

between healthy non-CF and CF patients with Mild or Severe CF lung disease (1B). 

 

 

 Tubulin’s isoforms (TUBB1, TUBBAC, TUBA1A) are present in high 

abundance in NEC as previously determined and are another group of cytoskeleton 

proteins with higher abundance in CF patients with similar levels in healthy CF-carriers 

and non-CF carriers. Their importance is not limited to microtubules constituents; 

additional roles in airway epithelium remodeling at the tall columnar cells’ level have 

been purposed [54] as well as taking part in SARS [55] and non-small cell lung 

carcinoma [56,57]. 
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Cytokeratins belong to a protein’s family with high abundance in NEC. In 

general, keratins are part of the innate machinery responsible for the stability from a 

single cell to a fully organized and functional tissue [58]. Their patterns of expression 

can be regarded as specific markers for the epithelial differentiation status in the 

respiratory tract. Among the cytokeratins identified, KRT 5, 8 and 13 are typical of the 

respiratory epithelium [59]. KRT8 has already been associated with fibrosis of the 

exocrine pancreas [60], the most well-established phenotype-genotype correlation in CF 

[61,62]. Its presence mainly at the lower airways level (bronchial, alveolar epithelium 

and pleural mesothelium), along with KRT7 [63], makes it a good target for 

investigation of its role in remodeling and wound repair processes. 

KRT18 is the most ubiquitously expressed keratin in the respiratory tract [63] and plays 

a key part in delivering mutated CFTR to the plasma membrane [64,65] and, together 

with KRT8, associates with IL-6 to trigger a neutrophil-mediated response to aggression 

from bacteria and viruses [66,67]. In CF, the physiochemical changes in the airways 

secretions that impair innate defence result in chronic endobronchial infection and in a 

robust neutrophilic inflammatory response [68]. Higher levels of autoantibodies against 

KRT8 and KRT18 were also found in CF’s sera when compared with control 

(unpublished work). In brief, keratins have an undoubtedly role in filament organization 

crucial for the maintenance of cellular assembly and structure with additional functions 

in inflammatory and immunity events. 

 

  3.3.1.2 Mucus viscosity and water transport 

Both CD44 and MMP9, a major component of the extracellular matrix 

metalloproteinases (MMP) family with correlation with lung disease (discussed below), 

present crescent abundances from healthy non-CF to CF carriers and from those to CF 

patients with no significant differences between mild and severe patients. CD44 antigen 

is a cell-surface glycoprotein involved in cell-cell interactions, cell adhesion and 

migration in inflamed tissue that was shown to be metastatic determinant of rat 

pancreatic tumour. In human, increased CD44 has been associated with aggressive 

stages of various cancers and inflammtory response due to its ligand activity with 

hyaluronic acid and MMP [69,70]. Hyaluronic acid is a component of the extracellular 

matrix with viscoelastic and hygroscopic capacities acting as a scaffold, entrapping 

large amounts of water and ions to provide tissues with hydration and turgescence [71]. 

Overexpression of CD44 and its consequent binding to hyaluronan might be the result 
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of an adaptative strategy to increase lubricant properties in CF airways. In accordance 

with this, MUC5AC was found increased in abundance in CF carriers and patients when 

compared with controls and similar levels were found in mild and severe patients. 

MUC5AC is a gel-forming glycoprotein highly expressed in the surface mucosal cells 

of respiratory and gastric epithelia that protects the mucosa from infection and chemical 

damage by binding to inhaled microrganisms and particules that are subsequently 

removed by the mucocilary system [72-75]. Hypersecretion and retention of dehydrated 

mucus contribute to poor transportability of allergens plugging CF’s airways and 

compromising the respiratory function [76]. Regulating water absortion and secretion 

can contribute to ameliorate/compromise the airways’ obstruction seem in CF. Water 

transport is driven by osmosis, determined by NaCl movement and occurs through the 

lipid bylayer and aquaporin proteins [77]. AQP5 forms a water-specific channel 

implicated in the generation of saliva, tears and pulmonary secretions, and was 

identified less abundant in severe CF patients than in mild or healthy individuals. This 

protein was found to be widely distributed throughout the surface epithelia in mouse 

respiratory system mainly at the luminal side of epithelial cells from the nasal cavity to 

intrapulmonary bronchioles in contrast to previously reported restriction to type I 

alveolar cells [78]. Its critical role in water handling such as the maintenaince of airway 

surface liquid (ASL) and clearance of alveolar fluid have implicated it in airway 

inflammation and mucus clearance in the development of asthma [79]. These authors 

also observed significantly lower expression of MUC5AC and MUC5B in lungs of 

AQP5-knockout mice. Others have shown that depletion in AQP5 resulted in increased 

MUC5AC secretion [80]. Our results corroborate this latter effect with higher levels of 

MUC5AC when AQP5 presented lower abundance. Regulatory mechanisms between 

aquaporins and mucins may highlight new strategies for novel antihypersecretory drugs 

in airway diseases. 

 

3.3.1.3 Antibacterial enviroment in CF’s lungs 

One of the main functions of airway epithelium is to sense and actively respond 

to alterations in its surrondings [81]. We were able to identify differential regulation in 

several proteins involved in antibacterial response of lungs. All Lyz, CAMP, LTF and 

BPI have primarily a bacteriolytic function, actively involved in deplete the airways 

from opportunistic pathogens that colonize CF’s lungs [3,4,82,83]. In fact, BPI has 

antibacterial activity against Pseudomonas aeruginosa but its inhibited by its bacterium 
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LPS [84,85] which explains its lower abundance in CF group. CTSG belongs to the 

peptidase module compromising 22 neutrophil-derived proteins implicated in tissue 

injury characteristic of CF lung disease [86-88] and also presents antibacterial activity 

against P.aeruginosa and inhibition by LPS [85]. Although less abundant in CF carriers 

and patients with equivalent levels when respiratory function is compared, CTGS 

inhibits IL-8, the major neutrophil chemoattractant peptide and previously reported 

marker of inflammation in CF [89,90]. Reduction in CTSG conducts to inneficient 

inhibiton of this proinflammatory pathway, perpectuating self-cycle of inflammation in 

CF’s airways. 

Two members of the major histocompatibility complex (MHC) (HLA-A and 

HLA-B) and MHC binders (IGHG1, IGHA1 and ITGA3) were found differentially 

expressed. These components may serve both to defend against local infection and to 

prevent access of foreign antigens to the general immunologic system. Circulating 

autoantibodies against IGHG1 were described by Pedersen and colleagues [9] in sputum 

of CF patients and have previously being described in autoimmune [91] and chronic 

inflammatory disorders [92].  

Members of the Toll-like receptors (TLR) family are expressed on a large 

number of immune and epithelial cells [93] with impact on activation and maintenance 

of the innate immune response to microbial pathogens [94]. Here, we identified TLR3 

with reduced abundance in CF carriers and patients regardless their lung’s function 

severity in comparison with non-CF. Its influence in asthma and COPD has been 

demonstrated [95,96] with increased mucus production, IL-13 and IL-5 expression and 

eosinophils’ recruitment in the airways of TLR3-knockout mice infected with 

respiratory syncytial virus [97]. Although TLR3 may not be required for viral clearance, 

it is necessary to maintain a proper immune environment in the lung to avoid 

developing pathologic symptoms of disease. This might be responsible for changes in 

EPX, an eosinophil peroxidase showing increased abundance from healthy to CF 

carriers and from those to patients. Mild and severe patients present identical levels for 

EPX though higher than in non-CF individuals. Eosinophils accumulate at sites of 

parasite invasion with beneficial roles to eliminate tissue-invasive specimens [98] and in 

the pathogenesis of various common human allergic diseases.  

In a EPX-knockout mice model of asthma, levels for bromotyrosine, a sensitive 

marker for EPX oxidation [99], were undetectable in their lungs [100] and found 100-

fold greater in BALF of severe asthmatics than those of non-asthmatics [101]. Unlike 



 158 

neutrophils that endocytose pathogens and deposite their granule contents intracellularly 

into target phagossomes, activated eosinophils exocytose their granules onto the surface 

of adherent parasite targets [98,102-104] generating high amounts of superoxide anion 

(O
2-

) and hydrogen peroxide (H2O2) [105]. EPX’s functional role in host defence and 

disease pathology was demonstrated in pneumocytes, causing necrotic cell blebbing of 

lung epithelial cells [106,107].  Although eosinophils-specific granule proteins are 

markedly citotoxic for parasites, its oxidant products might interact with the surronding 

molecules causing tissue instability. 

 

 3.3.1.4 Impairment in mitochondrias’ function and energy 

production 

Respiratory burst denotes a rapid and increased release of ROS from immune 

cells due to presentation with foreign entities mostly due to mitochondria’s acitivity. In 

our work, we observed several mithocondrial proteins differentially expressed, 

especially at the respiratory chain level: high abundance of NDUFB10, ATP5A1 and 

ATP5L, CYP20A1 and CPT1A, and decrease in SAMM50, UQCRC1  and UQCRC2, 

DNAJC11, CYBA, ETFDH and TOMM40. When comparing patients with mild or 

severe CF lung disease, reduction in MAOA, COX5A and COX5B, UGT2A1, MT-ND4 

and UQCRC1, and increase in COX6C, ATP5A1 and ATP5F1, NDUFA9, MT-ND1 

and PPOX is observed.. The drawback of high potential energetic compounds’ 

generation (mainly ATP) by mitochondria through the respiratory chain and oxidative 

phosphorylation is the generation of ROS. Altered expression of the several components 

described here might compromise vital functions for cellular maintenance. Our results 

suggest altered function of almost all the complexes of the mitochondrial respiratory 

chain. 

Subunits of complex I or NADH dehydrogenase (ETFDH, NDUFA9, 

NDUFB10, MT-ND1 and MT-ND4) showed impaired expression in CF: the protein 

involved in the initial electronic transfer step from NADH to flavoprotein, ETFDH, is 

lowered in CF while NDUFA9, NDUFB10 and MT-ND1 are increased. 

Two subunits of complex III, UQCRC1 and UQCRC2, and two others from complex 

IV, COX5A and COX5B, were also identified as leess abundant in CF while COX6C 

showed increasing abundance from healthy to mild CF and from those to severe lung 

disease patients. This latter component was identified relevant in the molecular 

mechanisms leading to loss in muscle force during acute exaceration in COPD patients 
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[108]. Members of the complex V of the respiratory chain (ATP5A1, ATP5F1, ATP5L)  

are responsible for producing ATP from ADP in the presence of a proton gradient 

across the membrane. Downregulation of ATP5A1 was already associated with renal 

cell carcinomas [109] and development of tumours with microsatellite instability [110]. 

 

 

  

Figure V.2: Correlation between the normalized total peptide count (normTPC) 

and intensity band volume for ATP5A1 protein in a LC-MS/MS and Western Blot 

experiment respectively. (Blue bars: normTPC for ATP5A1 in the soluble fraction of 

NEC; Pink bars: normTPC for ATP5A1 in the membrane fraction of NEC; Blue line: 

arbibtraty units of the intensity of the band obtained from WB for ATP5A1 in the 

soluble fraction; Pink line: arbibtraty units of the intensity of the band obtained from 

WB for ATP5A1 in the membrane fraction) 

 

Previous work from our group also identified ATP5A1 as downregulated in wild type 

and F508del-CFTR mice in response to naphthalene challenge [44]. Our results 

however propose an increase of complex’s V activity somehow overcoming imbalanced 

energy production or decoupling of the various upstream complexes of the respiratory 

chain. Mitochondria dysfunction and uncouplig of the respiratory chain seem therefore 

actively involved in CF’s lung disease. Imbalance in ATP production with consequent 

implications in cellular homeostasis may be one of the mechanisms implicated in 

deterioration of lung fuction. 

Cytochrome P450 monooxygenases (CYP) play an important role in the defence 

against inhaled toxicants. In our study, we identified CYP2S1 as consistently decreased 

from non-CF to mild to severe patients. CYP2S1 participates in extrahepatic xenobiotics 

metabolism, namely naphthalene. The highest expression levels have been observed in 

epithelial cells from tissues frequently exposed to xenobiotics, like the respiratory or 
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gastrointestinal tracts [111], being highly present in BALF of smokers [112] though 

implicated in the activation of anticancer drugs [113]. This enzyme was shown to be 

induced by retinoic acid [114], an important regulator of of organ development, 

including the lung [115]. Our results and others have proposed that retinoic acid 

metabolites might be potentially used in CF treatment in a mice model [116,117]. 

Another evidence indicating altered xenobiotics metabolism is the reduced expression 

of UGT2A1 in severe CF patients compared with mild. UGT2A1 participates in 

elimination of potentially toxic xenobiotics and endogenous compounds in the airways 

whose levels are repressed in BALF of smokers [112].  

 

  3.3.1.5 Functional Analysis 

Sensing the environment, reading a message and translate it into the cell 

characterizes the epithelium as an interface between extracelular and intracellular world. 

Representative networks functions and pathways on which differentially expressed 

proteins participate in are in accordance with such functions and represented in Tables 

V.3SD, V.4SD and Figures V.1SD and V.2.SD. Antigen presentation pathway is one of 

the means to achieve that purpose and was identified as significantly altered due to CF 

by pathway analysis. Several constituents of the MHC class I and II (HLA-DRB3, 

HLA-A, HLA-DRA, HLA-B), antigen transporter TAP2 and binders IGHG1, CD59 and 

CD166 were identified. Susceptibility for persistent infection of CF patients’ lungs 

makes them more exposed to pathogen and bacterial products that trigger 

enhanced/inefficient response to these challenges. 

Maintaining a structured and functional epithelium depends largely on 

interactions and adhesion to the surrounding cells. Ingenuity retrieved cellular assembly, 

organization and function and cell-to-cell signalling and interaction as overrepresented 

networks in which differentially expressed proteins in membrane fraction participate in 

(Figure 3A). In particular, caveolar-mediated endocytosis appears as a pathway with 

several of the differentially expressed proteins allocated here including members of the 

integrins family (ITGA3, ITGB2, ITGAM), GTPase Rab family (RAB5B, RAB5C) 

among others (HLA-A, HLA-B, ALB, ACTB, ACTA2, EGFR). Integrins and members 

of the Rab family appear to be very important in caveolar dynamics [118] and to cell 

adhesion phenomena [119] aiming to maintain NEC’s integrity and functionality. 

Membrane fraction is enriched in both plasma and microssomal membrane proteins. 

Therefore, organelle dynamics is also among the functions overrepresented here.  
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Mitochondrial and endoplasmic reticulum membrane proteins account for the 

main bulk of proteins with altered abundance. As so, altered mechanisms in the 

membrane fraction of CF’S NEC are mitochondrial dysfunction or oxidative 

phosphorylation. As previously postulated here by us and previously by ithers, NEC 

might have high demands for energy production/consumption as first line defence and 

barrier between environment and organism’s milieu [120,121]. In CF, chronic 

inflammation of the lungs leads to imbalanced tissue remodeling and energetic 

metabolism might be a requisite to overcome this event. In fact, energy production is 

among the top score functions retrieved by pathway analysis using Ingenuity with 

several proteins contributing to that (Tables V.3SD and V.4SD and Figure 3B). 

Closely related to mitochondrias’ dysfunction is oxidative stress response and 

xenobiotics metabolism by cytochrome P450 (CYP450), other two processes highly 

altered as consequence of CF. Several other specimens identified in the membrane 

portion provide clear evidence of deregulated oxidant/antioxidant status and inability to 

effectively metabolize and excrete harmful compounds, emphasizing the need of 

combined strategies to fulfil a role. Detoxifying enzymes/proteins or master regulation 

of the NFR-2-mediated antioxidant response are among key intervenients in those. 
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Figure V.3: Differentially expressed proteins involved in cellular assembly and 

organization (3A) and energy production and mitochondria dysfunction (3B), according 

to IPA’s knowledgebase. 
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3.3.2 Proteins from the soluble fraction 

Among all the proteins identified in the soluble portion, a total of 282 

differentially expressed proteins were identified by TS normalization. Of those, 239 

(85%) overlap with emPAI calculations.  

We were able to observe proteins progressively over expressed when comparing healthy 

individuals with CF carriers and patients (Figure 4). 

Protein S100P is a member of small Ca
2+

-binding proteins [122] postulated to be 

strongly significant in the context of different cancers [123]. Although never previously 

associated with CF, over expression of S100P was observed in metastasizing lung 

tumours with poor patient survival [124-126] and increased angiogenesis [127]. Its 

primary mechanism of action is through the activation of cell surface receptor of 

advanced glycation end products (RAGE) by stimulation of mitogen-activated protein 

kinase (MAPK) and NFκB [128] leading to a proinflammatory phenotype. Recurrent 

infections and a chronic state of inflammation characterize the lungs of CF patients 

[129] with NFκB pathway being actively involved in the CF’s phenotype [130]. 

Elevated levels of S100P probably potentate persistent inflammation in CF’s NEC as 

determined here. 

MMP9  acts as an endopeptidase capable of degrading all kinds of extracelular 

matrix proteins, plays major roles in apoptosis, host defence and tissue remodeling, 

particularly at the airways level [131], contributing to airway wall thickening and 

inflammation [132]. Its involvement in the development of COPD and asthma, 

pathologies highly similar to CF, and even in lung cancer have been extensively 

reported [133-135]. Gharib et al. (2009) also showed increased levels of this 

metalloproteinase in BALF of CF subjects [7]. MMP9 is also involved in increasing the 

IL-8 proinflammatory cytokine, a signalling pathway characteristically increased in CF 

[136-138]. Although somehow expectable, we showed progressively elevated levels of 

MMP9 in NEC of CF carriers and patients that might contribute significantly to 

continuous lung damage. Similar regulation of the IL-8 pathway is in accordance with 

the results described in the membrane fraction.  
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Figure V.4: Proteome profiles of the differentially expressed proteins in the 

soluble fraction between healthy non-CF, CF carriers and CF patients (4A) and between 

healthy non-CF and CF patients with Mild or Severe CF lung disease (4B). 

   

Similarly, CTSS is an alveolar macrophage proteolytic enzyme that has been 

implicated in remodeling of extracelular matrix, alveolar destruction that characterizes 

emphysema [139] and promotion of cilia motility from conducting airway cells in the 

lung [140]. Elevated levels of CTSS were found in lung tumours when compared with 

control parenchyma from the same subjects, although serum levels did not significantly 

change, revealing possible roles in tumour growth and progression [141]. Its 

localization in lymphatic tissues and antigen-presenting cells however strongly suggest 
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additional roles of CTSS in modulating the immune response with potential therapeutic 

use in asthma, hypersensitive pneumonitis and autoimmune disorders [140,142]. In CF, 

the autoimmune component has been postulated [9,143-146] while impaired and 

excessive tissue damage and repair occurs especially at lung level. Increased levels of 

CTSS in carriers and CF patients, with higher expression in severe than in mild lung 

disease, were consistent with the broad phenotypes evidenced by these patients. Other 

members of the cathepsins family were identified here such as CTSB and CTSZ. CTSB 

is an ubiquitously expressed protein although moderate levels have been observed in 

bronchus and nasopharynx at the respiratory epithelial cells level and in macrophages in 

lung [147]. Levels for this protein were similar when comparing CF patients with 

healthy individuals although a small increase was observed in CF carriers. Two 

different studies reported CTSB as down regulated in CF [16,17] while its activity was 

reported to be elevated in sputum of inflamed CF-airways [148] and CF serum of 

patients [149]. The levels present here might reflect a controlled and non-acute phase of 

inflammation of the enrolled individuals. On the other hand, CTSZ presented lower 

levels in CF than in healthy with similar levels when respiratory function was 

concerned. The lowest levels were detected in CF carriers. Both CTSB and CTSZ have 

been implicated in cancer pathogenesis showing synergistic anti-tumour effects in 

double knockout mice with a 70% and 80% reduction in metastases number and size, 

respectively [150]. Association with SARS has also been reported. 

NHE-RF1 is another protein elevated from healthy to CF carriers and from those 

to patients. Severe patients also presented higher levels of this protein when compared 

with mild ones. NHE-RF1 was the first identified CFTR-binding protein and association 

with CF has been extensively reported since it [151]. NHE-RF1 is a scaffold protein that 

connects plasma membrane proteins with members of the ezrin/moesin/radixin (ERM) 

family aiding their linkage to the actin cytoskeleton and regulating their surface 

expression. Especially, the interaction of NHE-RF1 and CFTR plays a central role in 

regulating the CFTR trafficking to the apical membrane and stabilizing it on airway 

epithelial cells [152,153], making it essential for both normal and mutant CFTR 

function [154]. It was demonstrated that over expression of NHE-RF1 in CF airway 

cells induces a redistribution of ∆F508-CFTR from the cytoplasm to the apical 

membrane and rescues CFTR-dependent chloride secretion [155], effect reversibly 

observed in NHE-RF1-knockdown cells with increased degradation of the mutated 

protein [156]. In addition to direct interaction with CFTR, wild type over expression of 
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NHE-RF1 enhances the interaction between NHE-RF1, CFTR and ezrin, and ezrin with 

actin [157], these latter two also up regulated in CF’s NEC. Ezrin is known to act as a 

protein kinase A (PKA)-anchoring protein and to associate with actin cytoskeleton 

[158] by connecting continuous filamentous (F)-actin to plasma membrane proteins 

aiding NHE-RF1 in stabilizing and maintain CFTR’s function and activity 

[153,159,160]. NHE-RF1 is required for the maintenance of active ERM proteins at the 

cortical brush border membranes of polarized epithelia forming complexes with ERM 

and F-actin [161]. Interestingly, our results corroborate this cytoskeleton organization 

by differential expression of its constituents. 

Besides ezrin and actin, several other proteins involved in cytoskeleton 

organization and maintenance have higher abundances in CF than in the other groups 

considered: TPM1, ACTN1, ACTN4, CAPZA1, CAPZB, PFN2 and EEF1G. CAPZA1, 

CAPZB, PFN1 and EEF1G also have higher abundances in patients with severe lung 

disease than mild ones (similar levels to healthy non-CF individuals) while PFN2 

present higher levels in CF regardless lung function, supporting the enhanced tissue 

injury hypothesis. Conversely, levels of CFL1, VCL, FLNA and FLNB were similar in 

healthy and patients with mild lung disease and lower in a severe condition. These 

specimens are actin-interacting proteins controlling actin 

polymerization/despolymerization and its branching and attachment to plasma 

membrane. Filamins are also responsible for assembling actin to membrane 

glycoproteins, such as CFTR. Proper polarization status of the epithelial cells is highly 

dependent on adequate architectural arrangements of the cytoskeleton crucial for 

integrity and function of NE [162] and more specifically for cAMP-dependent CFTR 

activation [163]. Altered levels of proteins responsible for this assembly can serve as 

basis for abnormal remodeling in the CF airways. 

Three other proteins involved in epithelial differentiation were found 

differentially expressed in this work: DMBT1, LGALS3 and LGALS3BP. DMBT1 is 

more abundant in CF carriers and patients than in healthy with similar pattern when 

respiratory function is accessed (more abundant in mild and severe patients than in non-

CF). This protein may be considered as a candidate tumour suppressor gene for brain, 

lung, esophageal, gastric and colorectal cancers and play roles in mucosal defence 

system, cellular immune defence against bacterial pathogens by binding to a range of 

poly-sulfated and poly-phosphorylated ligands which may explain its broad bacterial-

binding specificity. It associates with the actin cytoskeleton and, together with LGALS3 
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and LGALS3BP, is required for terminal differentiation of columnar epithelial cells 

during early embryogenesis. Galectin-3 presents higher abundance in CF-carriers and 

patients and is consistently up regulated from healthy to mild CF with the highest levels 

found in patients with severe lung disease, in accordance with the function performed 

by the protein. 

Here, we were able to identify protein LPLUNC1 less abundant in CF patients 

with mild and severe lung disease in respective to controls. PLUNC’s family are 

abundant proteins in the conducting airways estimated of making up about 1% of the 

total protein in human nasal lavage fluid (NLF) [164] and as much as 10% of the total 

protein in secretions from air-liquid interface cultures of human tracheobronchial 

epithelia [165] with proposed innate and host immune function. While the second 

condition seems to be verified, work to demonstrate PLUNC’s activity is potent, broad-

spectrum antimicrobial activity has failed. Previously results from Roxo-Rosa et al. 

(2006) reported PLUNC as not significantly up regulated in CF’s NEC in a 2-DE 

experiment. Our results obtained by 2D-LC-MS/MS however show a different 

tendency. Although higher levels of PLUNC have been highlighted in lung-related 

conditions [166], novel roles for this family have been proposed. Secreted PLUNC 

inhibits sodium transport by ENaC in the air-liquid interface cultures of human airway 

epithelia, suggesting it to take part in ASL volume sensing and regulation [167]. Recent 

work from Gakhar et al. (2010) proved that physiological concentrations of PLUNC 

reduce surface tension in the airways to levels that enable immersion of inhaled 

bacteria, such as P.aeruginosa, and other particles into the ASL layer. This effect could 

maintain infecting bacteria in a susceptible state so they are not able to form infecting 

biofilms and be eradicated by other components of the innate immune system instead of 

a direct antimicrobial protein [168]. Similar outcomes exist for anti-biofilm host 

defences on mucosal surfaces, including in the airways. Lactoferrin (LTF) seems to play 

an important role in preventing biofilm formation by P.aeruginosa at concentrations 

below those that killed or prevent bacterial growth [169]. Recall that LTF was also less 

abundant in the membrane-enriched fraction of CF patients. Several of the patients 

enrolled for this study have their airways chronically colonized by persistent pathogens 

such as P.aeruginosa or S.aureus. Lower levels of LPLUNC1 and LTF can be closely 

related to ineffective inhibition of bacteria proliferation and their impaired clearance 

with consequences for the CF patients’ lung disease. 
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3.3.2.1 Oxidative stress and reactive oxygen species generation 

Chronic bacterial infection and inflammation lead to a self-perpetuating cycle of 

airway obstruction and destruction where oxidative stress and oxidant/antioxidant 

imbalance play a predominant role in the pathophysiology of CF. Also, ROS and RNS 

are described to be highly increased in this disease [170] with elevated levels of lipid 

and protein oxidation [171-174] and reduction of reduced glutathione levels (GSH). 

CFTR itself has been postulated to participate and regulate the apical efflux of GSH 

being an extra factor in the antioxidant status of epithelial lining fluid and an inherent 

cause of oxidative stress in CF [175-177]. Examples of imbalanced oxidative stress are 

the differential expression patterns of enzymes involved in protection and detoxification 

of airways. PRDX6 is a glutathione-dependent peroxidase constituting the major 

antioxidant defence in the lungs [178,179]. Levels of this protein were found similar 

among healthy groups and CF patients with differences when severity was concerned: 

PRDX6 decreased from healthy to mild CF patients and suddenly increased to severe 

patients overcoming the basal levels observed in controls. By a 2DE-based study, we 

previously observed a PRDX6 corresponding spot less abundant in CF’s NEC probably 

as a specific isoform decreased in CF [16]. In accordance with that, recently Trudel et 

al. (2009) showed concordant evidences with increased levels of both PRDX6 mRNA 

and protein in Cftr
-/- 

mice [180] and suggest that the PRDX6-dependent antioxidant 

capacity could be associated with post-translational modifications as three forms were 

identified, one of them exclusively in Cftr
+/+

 mice after paraquat challenge. It could be 

the case that Roxo-Rosa et al. have also identified a specific isoform of PRDX6 as 

decreased in CF patients while our results and Trudel’s suggest a stronger enzyme 

antioxidant response activated by PRDX6. 

Other family of differentially expressed enzymes identified here are members of 

glutathione peroxidase and transferase family. GPX1 is a selenoprotein that catalyses 

the inactivation of ROS and RNS by oxidation of two GSH molecules thus protecting 

other biomolecules [181]. This enzyme presents its lowest level in CF carriers but also 

decreased expression in patients compared with healthy. Severe patients present higher 

levels of the enzyme than mild ones although similar amounts were observed in controls 

suggesting that GPX1 might constitute a first-line defence against oxidative damage in 

earlier stages of the disease.  
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 Figure V.5: Correlation between the normalized total peptide count 

(normTPC) and intensity band volume for GPX1 protein in a LC-MS/MS and Western 

Blot experiment respectively. (Orange bars: normTPC for GPX1 in the soluble fraction 

of NEC; Blue bars: normTPC for GPX1 in the membrane fraction of NEC; Orange line: 

arbibtraty units of the intensity of the band obtained from WB for GPX1 in the soluble 

fraction; Blue line: arbibtraty units of the intensity of the band obtained from WB for 

GPX1 in the membrane fraction) 

 

GSTA1, GSTP1 and GSTK1 are members of the S-transferase superfamily that 

conjugate GSH with hydrophobic electrophiles to form conjugates for excretion [182]. 

GSTP1 evidenced similar levels in CF carriers and controls with decreased expression 

in patients, consistent with previous results obtained ate cellular [183] and tissue level 

[16], while GSTK1 showed only slightly increase from healthy to CF patients. When 

comparing lung disease severity, GSTA1 denoted an increase in mild patients with 

significant drop in severe ones. Although belong to the same family, GST 

polymorphisms have been associated with heat-shock response, electrophiles 

detoxification or immunomodulatory functions, among others [184]. Expression of 

members from this superfamily has also been investigated in different lung 

compartments of smokers and nonsmokers demonstrating tissue-dependent differential 

expression and specificity in xenobiotic metabolism [112]. A member of GST, GSTM1-

0, has been proposed to significantly influence severity of CF lung disease [34], 

revealing important regulation of oxidant/antioxidant status in the phenotype. Other 

proteins involved in detoxification and balance of the oxidative status of cells are IDH1, 

PARK7 and AKR1B10, all with increased levels in CF, making undoubtedly the 

contribution of ROS and oxidative stress to CF’s development and progression. 

However, that does not necessarily mean reduction on all antioxidant defences leading 
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to aggressive tissue damage as we and others postulate. The response of cells might lead 

in the sense of displaying a strong enzymatic antioxidant response differentially 

regulating the pathways. 

 

3.3.2.2 Inflammation    

Apolipoprotein APOA1, besides sustain the function of cardiovascular systems 

play also a critical protective role in preventing pulmonary inflammation, impaired 

vasodilatation and increased airway hyperresponsiveness [185].  

Interestingly, only APOA1 showed consistent lower expression from healthy to 

CF carriers and from those to CF patients. APO2 presents lower levels in both CF and 

CF carriers in comparison with health individuals. We have recently demonstrated the 

same tendency of expression for these proteins in systemic circulation and attempted to 

link its reduced expression with CF and other respiratory diseases [186]. In human but 

not in mouse, APOA1 and APOA2 is activated by PPARα, a transcription factor 

involved in many biological process including down-regulation of pro-inflammatory 

genes and accordingly suppress the inflammatory response [187]. Reduction of both 

PPARα mRNA and protein amounts in lymphocytes of CF patients has been observed, 

which may render lymphocytes into cells that promote the inflammatory response and 

consequently lead to increased inflammation [188]. 

On the other hand, GOT2, a protein that we observed increased in CF carriers and 

higher in patients, was described to be activated by PPARα in mouse. Results in a 

murine small intestine model showed that GOT2 triggers activation of PPARα resulting 

in reduced cellular proliferation and increased differentiation of cells [189]. Either by 

stimulation or decreased activation, the study of similar behaviour at human airways 

remains to be elucidated but put strength on the role of these receptors in controlling 

phenomena intrinsically related with CF.  

 

  3.3.2.3 Functional Analysis 

Although describing proteins at an individual level provide detailed and focused 

information on function and contribution to the disease, functional analysis of the 

differentially expressed proteins allows their integration into networks and pathways 

with biological significance (Tables V.5SDV.6SD and Figures V.3SD and V.4SD). 

Regulation of the proteins participating in such processes might be a different approach 
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to get a broad understanding of the mechanisms underlined in CF. Pathway analysis 

corroborate our results of the individual proteins scrutiny by emphasizing glutathione 

and xenobiotics metabolism, oxidative stress response, IL-8 signalling or PPARα 

activation as deregulated processes in CF. Even ubiquitous processes such as glycolysis 

and gluconeogeneis, the citrate cycle or pentose phosphate pathway are highlighted as 

imbalanced in CF and can be interpreted as deficit in generation of reducing equivalents 

and energy production resulting in impaired metabolic profile of these cells [190,191].  

Differentially expressed proteins were allocated to representative networks of 

the processes ascribed before with especial emphasis in small molecule and drug 

metabolism, cellular assembly and organization, immune response or infection 

mechanisms (Figure V.6A). Interestingly, one of the networks retrieved was associated 

with respiratory disease and featured CFTR that, although not identified, was clearly 

associated with impaired function of the lungs (Figure V.6B). 

  



 172 

   

Figure V.6: Illustrative networks related to antioxidant status (6A) and respiratory 

function (6B), retrieved by IPA’s knowledgebase. 

 

SUMMARY 

We have showed that nasal epithelial cells (NEC) can be used as a surrogate 

model of the lower airways and therefore provide deeper insights into the mechanisms 

underlying the pathogenesis of CF lung disease. 

The combination of an improved methodology of cell fractionation and separation 

of proteins from NEC allowed the broad identification and characterization of 

differentially expressed proteins with significant implications in the progression of CF 

lung disease. From CFTR-interacting proteins to CF-modifier genes, several specimens 

described here have putative roles in the development and/or progression of CF lung 

disease. Integration of these proteins in pathways and networks with biological 

significance corroborate our findings at the protein level, retrieving known impaired 

functions already associated with CF, such as tissue remodeling, inflammation or 

antioxidant imbalance, but also providing glances at other new processes like 

mitochondrial dysfunction, impaired energy production and altered glucose’s 

metabolism. 

We believe that our findings constitute a solid base for more focused and 

dedicated studies on relevant proteins highlighted here that ultimately can constitute 

potential therapeutic and/or auxiliary diagnostic tools for CF. 
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Cystic Fibrosis (CF) remains the most lethal monogenic recessive disease in 

Caucasians without an effective therapy yet. Classically, it is characterized by a triad of 

symptoms such as elevated sweat chloride concentrations, pancreatic insufficiency and 

severe obstruction and bacterial infection of the airways, this latter constituting the most 

life-compromising condition among patients. The increase of knowledge about CF has 

exponentially grown since the discovery of its causing gene, the CF Conductance 

Transmembrane Regulator (CFTR), in 1989 by Lap-Chee Tsui’s group [1-3]. This 

remarkable discovery opened the possibility to uncover the molecular basis of the 

disease while giving the opportunity to explore other molecular determinants which 

might contribute to the development and/or progression of CF. However, the quest is far 

from being ended... 

Proteomic methodologies have the potential to uncover hundreds to thousands of 

proteins in biological samples and comparative analysis allows the identification of 

differentially expressed specimens across two or more conditions. Application of 

proteomics to the CF’s problematic has delivered important information on the 

proteostasis involved in the development of the disease, from CFTR interactors to CF-

modifier genes, passing by the processes of synthesis, maturation and delivery of CFTR 

to the plasma membrane. The final aspiration of such studies is to provide validated a 

protein or patterns of proteins that can be used as specific biomarkers of CF while 

distinguishing it from other symptoms-sharing diseases, such as COPD and asthma. 

 

The work presented in this thesis comes from a natural path of investigation in 

our group: we initially started studies on cell lines [4,5], moved forward to a CF animal 

model [6] and finally investigated human biological samples [7,8]. Here, we have 

analysed serum, red blood cells and nasal epithelial cells of CF patients in comparison 

with healthy CF-carriers and non-CF individuals by distinct proteomics methodologies 

aiming to provide extra knowledge about the proteinaceous environment that 

characterizes the disease. 

When using human samples, reliable results are only obtained when a close 

collaboration with clinicians and pathologists exist. Criterious and rigorous patients’ 

evaluation and samples’ collection and processing under standard and controlled 

conditions were primordial to give extra confidence on the results presented. 

 

 



 188 

Chapter II focuses in the comparison of serum proteins’ abundance of CF 

patients, CF-carriers and healthy non-CF individuals by complementary gel-based 2-

DE-MALDI-TOF/TOF MS and gel-free LC-MS/MS strategies. This approach was due 

to complementary studies under investigation in the laboratory but also due to serum’s 

high value in terms of biomarkers discovery, as it virtually contains proteins from every 

tissue or organ of the body, and ease of collection and potential implementation of a 

clinical test from the results obtainable. Individual serum samples were grouped 

according with to their genetic background to emphasize proteomics differences while 

diluting potential individual contributions aiming to praise significant differences 

between CF and non-CF groups. Serum’s immunodepletion was performed in order to 

reduce proteomics complexity before protein separation and identification by 2-DE-

MALDI-TOF/TOF MS and LC-MS/MS. Proteins with altered abundances among the 

groups in study were further characterized using several bioinformatic tools (PIKE, 

IPA, ProteiOn, Reactome) to retrieve the maximum biological information and 

functional significance. From the gel-based approach, 78 differentially expressed spots 

were identified yielding 28 unique identifications and postulating the existence of PTM 

or protein isoforms. Such hypothesis was investigated by using FindMod and it was 

demonstrated that some proteins showed high probability of being modified. Overall, 

these results indicate that the patterns of modifications might be responsible for 

different functions and/or activities of proteins with virtual relevance in the disease 

phenotype. The label-free 1D-RPLC-MS/MS strategy provided 569 different proteins 

identified by at least 2 peptides, a significantly higher number of identifications than 2-

DE, as expected. Pathway analysis allocated these proteins to processes highly 

significant in CF’s development such as the proinflammatory pathway where NFkB 

plays a central role (members of the apolipoproteins and complement system family, 

CD180, BAG4, TNF ligand superfamily member 9, α-1-antitrypsin, regulator of G 

protein signaling 3, hemopexin, vinculin, HSP70, HSPA8, periaxin), tissue remodeling 

and protease/antiprotease imbalance (vinculin, radixin, tropomyison IV, paladin, 

myosin VIIa, dedicator to cytokinesis 1, α-1-antitrypsin, inter-α-trypsin inhibitor heavy 

chains H3 and H4), innate immune dysfunction (members of the complement system 

family: C5, C9, C1s subcomponent, C3, C3/C5 convertase, C6), oxidative stress and 

nutritional status (vitamin D-binding protein, plasma retinol binding protein, transferrin, 

transthyretin, several apolipoproteins) or inflammation (serum amyloid A and A4 

proteins, endothelin-A receptor). Importantly, it was possible to identify BiP, BiP-
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associated protein and NDKB desregulated only in the CF group (this latter validated by 

WB), proteins that are already associated with trafficking, degradation and function of 

CFTR. Also, NDKB is involved in regulation of pancreatic and lung secretions and 

neutrophil-mediated inflammation. 

Altogether, the results obtained here show processes and proteins implicated in 

the pathogenesis of CF that are corroborated by several studies reported in the literature. 

Our proteomic “shotgun” approach demonstrated to be efficient in the characterization 

of CF-associated proteome profile. 

 

Chapter III reports the study of proteins from mRBC. Several studies have 

delivered lists of proteins resulting from proteomic analysis of RBC though its 

significance and influence in the context of CF is scarce. Our own group has attempted 

the study of mRBC from CF patients in comparison with non-CF by 2D-PAGE but 

improvements in sample preparation and proteins’ separation are still required. The 

undoubtedly demonstration that CFTR is present in RBC was published in 1998 and a 

more recent study could actually count the number of CFTR molecules in these cells, 

also showing a reduction by 4-fold of CFTR in RBC of CF patients when compared 

with healthy individuals. It is however known that not only CFTR is responsible for the 

phenotypic changes observed in patients. Other proteins might concur to such 

alterations. Pulmonary hypertension is observed in some CF patients potentially caused 

by failure in NO synthesis resulting from deficient deformation-induced ATP release of 

CF’s RBC. We used a methanol-facilitated proteins’ extraction combined with label-

free 2D-LC-MS/MS to identify differences in abundance of membrane proteins from 

RBC isolated from peripheral blood of CF patients (with mild or severe pulmonary 

disease) in comparison with healthy CF-carriers and non-CF individuals. Bioinformatic 

analysis showed proteins involved in cytoskeleton rearrangements (CTSG, FLOT1, 

FLOT2, STOM, spectrins, ANK1, ACTB, GYPA, GYPC, EPB41, EPB42), antioxidant 

(CAT, MPO, EPX, PRDX1, PRDX2) and transport activities (SLC4A1, SLC4A2, 

SLC2A1, SLC2A4, SLC16A1, SLC2A14, HBD, HBG1, HBA1, HBB) as highly 

significant in processes taking place in CF. Importantly, several proteins from the 

cytoskeleton, the spectrin-actin network and linker proteins presented a tendency of 

lower abundance in CF patients when compared with the other groups: FLOT1, FLOT2, 

GYPA, GYPC, STPA1, STPB, ACTB and ADD2. These differences in abundances of 
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proteins from the cytoskeleton and spectrins’ network might be the basis of imbalanced 

and impaired organization of the RBC scaffold with consequences in terms of RBC 

mechanical deformability and ability to efficiently pass through blood vessels’ walls to 

perform their function. We therefore assume that lack of functional and malleable RBC 

is in the basis of reduced deformation-induced ATP release and consequent increase in 

pulmonary hypertension following deterioration of pulmonary function. 

 

Chapters IV and V report results of proteome-wide characterization of NEC 

using a high-throughput strategy that relies on cell fractionation coupled with MudPIT 

with possible implications on biomarker and/or therapeutic target discovery for 

respiratory diseases, including CF. Given the physiological similarities between upper 

and lower airway epithelia and the notion that reactions in the nose influence or reflect 

complications in lungs [9-12], NEC have been extensively used to assess airway 

diseases, such as CF. However, the proteomics investigation presented herein is the 

most complete one so ever achieved regarding the proteome characterization of NEC 

while comparing such results with others obtained from bronchial epithelial cells. In 

total, more that 7000 proteins were identified regardless the correspondent 

subproteome. However, to achieve higher confidence and accuracy in the results, we 

only considered proteins identified by at least 2 unique triptic peptides identified in 

three independent runs, resulting in a final list of 1482 proteins representative of NEC: 

535 proteins in the soluble subproteome, 1169 proteins in the membrane subproteome 

and 222 overlapping the two fractions. Further functional characterization was obtained 

by resorting to panoply of databases and tools. 947 of the 1482 proteins (63.9%) were 

annotated as membrane or membrane-associated proteins in GO databases with 

GRAVY, TMD predictions and HPRD confirming such observations. The contribution 

of each protein to the total protein content in NEC was estimated by emPAI since this 

index has shown a high correlation with the actual protein amount in complex mixtures 

with a wide dynamic range. The most abundant proteins were ranked and analysed 

concerning the biological processes where they participate in showing a prevalence of 

mitochondrial, ribosomal and cytoskeleton proteins. Similarly, immunological, 

molecular transport, morphology or processes related to cellular assembly and 

organization were associated to the lower abundant proteins.  



 191 

Ingenuity pathway analysis revealed an enrichment of molecular and cellular 

functions associated with cell death, protein folding and drug metabolism in soluble 

fraction while in membrane fraction there was a predominance of functions associated 

with molecular transport, protein trafficking and cell-to-cell signalling and interaction.  

To study the representativeness of NEC as surrogate of the lower airways, our 

data was compared with a proteomics analysis of bronchial epithelium also collected by 

harvest brushing and highlighted 517 proteins commonly expressed in airways’ 

epithelia whose main functions were associated with maintenance of physical barrier 

and immunological defence. In our datasets, it was possible to allocated 141 proteins to 

the development and/or progression of several respiratory diseases such as lung cancer, 

severe acute respiratory syndrome (SARS) (ACSL1, ACTN1, ANPEP, BPI, CAMP, 

CD9, CD63, CLU, DEFA1, FLOT2, GAPDH, GLUL, GSTO1, HBG1, HIST1H1C, HP, 

ITGAM, LCN2, LTA4H, LTF, MNDA, MTX1, PDXK, RAB13, S100A9, S100P, 

SERPINA1, TALDO1, TCIRG1, TKT, TUBB2C) or pneumonitis (ACO2, ACTB, 

ALB, ALDH2, ALDOA, ANXA3, CAMP, ENO1, HSPA5, HTT, MYH9, NOS2, 

P4HB, PDIA3, PRDX1, PRDX6, SELENBP1, STAT3, TKT, TOP2B, TPI1, TUBB). 

Two proteins, NOS2 and TPI1, have been associated with asthma while MPO, LTF, 

ENO1 and SELENBP1 have been associated to the progression of CF. 

The conjugation of all these observations supports the hypothesis that NEC reflect 

certain aspects of lower airways and thus might contribute to extend our knowledge on 

airway epithelium phenotype allowing further comparative analysis of airway-specific 

proteome expression in pathological conditions such as CF. 

 

The information contained on chapter IV was used to further investigate putative 

alterations in the NEC proteome as consequence of CF and explore whether these 

alterations reflect the lung function impairment in this disease and reported in chapter 

V. NEC from health individuals (non-CF and CF carriers) and CF patients were 

obtained and analysed as described in chapter IV. The severity of CF’s lung disease 

assessed by clinical and respiratory function evaluation was also contemplated. Data 

normalization was performed according to the Total Signal (TS) method, a strategy 

described by Carvalho et al. [13] that takes into account all the peptides identified in an 

individual run and uses it to normalize the abundance of each protein across runs. After 

normalization and comparison of the normalized TPC, 512 proteins presented altered 
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abundances in CF’s NEC in comparison with the above mentioned groups. In 

accordance with previously reported results in serum and mRBC, tissue remodeling, 

cytoskeleton rearrangements, antioxidant status and inflammation are again among the 

most represented functions in which differentially expressed proteins participate in. 

Also, imbalance mitochondrial function, energy production, glucose’s metabolism, 

antigen presentation, protein synthesis and folding and degradation of extracelular 

matrix were also indicated. Several CFTR-interacting proteins and CF-modifier genes 

described here have putative roles in the development and/or progression of CF lung 

disease. Integration of these proteins in pathways and networks with biological 

significance corroborated our findings at the protein level, retrieving known impaired 

functions already associated with CF.  

We believe that our findings constitute a solid base for more focused and 

dedicated studies on relevant proteins highlighted here that ultimately can constitute 

potential therapeutic targets and/or auxiliary diagnostic biomarkers for CF while 

effectively distinguish it from other respiratory diseases. 
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Concluding Remarks and Future Directions  

  

The work in the CF’s field is far from being ended. Proteomics is a very 

powerful scientific discipline whose field of application is virtually unlimited, 

delivering massive amounts of data about the question under study. Application of 

proteomics technologies to the CF’s problematic has already proved to be very efficient 

and delivering important features that assist in the understanding of CF’s pathology. 

 

The profiling and identification of differentially expressed proteins in the several 

biological samples investigated in the context of this thesis have provided new hints and 

information on processes imbalanced in CF. Comparing the results obtained and 

presented along the chapters, it is possible to observe that tissue remodelling, 

antioxidant status and inflammation are desregulated processes transversal to all 

different CF samples (serum, mRBC, NEC) here, among others. Confirming the 

involvement of the proteins contributing to their promotion should be further 

investigated. Once again, proteomics can be one of the tools to aid their solution. 

Validation of some of the specimens identified in these works in individual samples 

from a larger cohort of patients and including samples from other CF symptoms-sharing 

diseases could be very beneficial in identifying specific targets from therapeutic 

intervention. This validation can be performed, for example, by Western Blot, or by 

taking advantage of some powerful MS capabilities, such as single or multiple reaction 

monitoring (SRM or MRM, respectively) [14]. In fact, some applications for S/MRM 

are already published (for review, see [15]) aiming to validate biomarkers previously 

identified in the discovery phase. Compared with WB or ELISA, it is cheaper to set up a 

MRM assays in an automated fashion and to target multiple protein targets 

simultaneously or monitor multiple product ions for each peptide precursor from single 

protein. The only requirements for a successful S/MRM assays is the selection of the 

appropriate transitions, i.e., those that present high relative intensity and sensitivity m/z 

peaks for the precursor and product ion(s) and that are unique of a certain protein, with 

unique elution time in HLPC and precursor/product m/z values specific to the protein in 

the assay.  
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Being associated with the National Institute of Health, some assays used for 

routine clinical diagnosis could be applied to the validation of our results under 

certificate, reproducible and high quality methodology. Some of the results obtained 

here were already validated by immunoturbidimety; others are under evaluation by 

other regular clinical tests, allowing the processing of hundreds of samples in a 

controlled manner. To take advantage of these clinical routine methodologies to validate 

our proteomics data in all patients’ samples individually seems a very promising 

approach. 

In one of the works presented we postulated that PTM might be in the basis for 

different severities of lung disease observed among patients and relevant for the disease 

progression. Confirming these results by the enrichment of specific modified proteins or 

employing MS methods to sequence and determine the type of PTM could help in 

answering to this question. 

 

While new perspectives on CF were brought up with this investigation, other 

questions remained to be answered. Ultimately, our efforts go in the direction of 

providing new auxiliary targets for CF’s diagnostic/prognostic or targets for the 

development of therapeutic agents for improvements in life’s quality and increase in 

life’s expectancy. To achieve that, specific molecules must be uncovered. This study 

will benefit with the inclusion of other pulmonary diseases that share some of the CF’s 

phenotype for comparison purposes, such as asthma and Chronic Obstructive 

Pulmonary Disease (COPD). At the same time, investigators in the proteomics field 

faced each day with an impressive amount of data aiming to retrieve the maximum of 

biological information. Databases and bioinformatic tools are already providing a good 

help in that field but more developments and improvements are necessary to accompany 

the rapid expansion and progress of the technical components that Proteomics makes 

use of. 
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