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Abstract 

 The Cystic Fibrosis Transmembrane conductance Regulator (CFTR) is an ion 

channel primarily studied in the context of epithelial fluid homeostasis in the lung. CFTR 

is responsible for maintaining proper ionic composition and pH of the airway surface 

liquid through its transport of chloride, bicarbonate, and other anions. The airway surface 

liquid plays an important role in innate immunity, and when its homeostasis is disturbed, 

the lung becomes highly susceptible to infection. Cystic Fibrosis (CF), the disease after 

which CFTR is named, is a life-limiting autosomal-recessive disease caused by various 

loss-of-function mutations in CFTR. CF is a multi-organ disorder, but most of its 

associated morbidity and mortality are caused by recurrent lung infection and 

inflammation resulting in lung failure. While traditionally thought of as a childhood 

disease, many CF patients are reaching adulthood thanks to newborn screening and 

therapeutic advances. However, there remains no cure. 

 Another airway disease with no cure in which CFTR dysfunction is potentially 

implicated is Chronic Obstructive Pulmonary Disease (COPD). COPD is primarily 

caused by tobacco smoking, which has been shown to negatively regulate CFTR protein 

expression. CFTR expression has also been found to be low in the lungs of severe COPD 

patients compared to healthy controls. These findings, combined with phenotypic 

similarities between CF and COPD, have contributed to a growing body of research that 
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aims to understand COPD as a disease of “acquired” CFTR dysfunction. Traditionally, 

COPD has been characterized by two primary phenotypes: chronic bronchitis and 

emphysema, although the disease itself is heterogeneous and there can be considerable 

overlap. Chronic bronchitis is characterized by airflow restriction in the conducting 

airways due to excessive mucus production, smooth muscle constriction, and tissue 

fibrosis. Emphysema encompasses alveolar cell death and tissue destruction, resulting in 

inefficient gas exchange and gas trapping. 

 Accordingly, the first chapter of this dissertation will address the question of 

whether reduced CFTR expression is a potential risk factor of COPD, or merely a 

consequence. This is important, because approximately 1 in 30 people in the US is an 

asymptomatic CF carrier. To answer this question, wild-type (WT), Cftr+/- (Het), and 

Cftr-/-- (KO) mice were subjected to smoking or natural aging, two known COPD risk 

factors. Lungs were analyzed for histologic signs of COPD, and it was found that in 

response to smoking, both Het and KO mice displayed an increased mean linear intercept 

(LM), indicative of emphysema, compared to WT controls. On the other hand, aging led 

to increased LM in KO mice only. Results will be discussed in the context of the biology 

of emphysema and aging. Following that theme, in vitro data identifying a potential 

calcium-dependent DNA repair deficiency associated with CF will be discussed. 

 The second chapter will focus on therapeutic strategies to improve CFTR stability 

in the context of both CF and COPD. Importantly, no current therapeutics target CFTR 

stability. Literature highlighting the significance of the Epidermal Growth Factor 

Receptor (EGFR) – Extracellular Regulated Kinase (ERK) axis in both CF and COPD 
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will be discussed. Data showing that this axis, dependent on the EGFR ligand 

amphiregulin, negatively regulates CFTR in CF will be presented. Next, it will be shown 

that ectoine, a natural osmolyte which can target EGFR signaling and benefit COPD 

patients, can improve CFTR stability and attenuate inflammatory signaling in CF. 

Another way to stabilize plasma membrane CFTR is by preventing its degradation by 

interfering with its binding to the CFTR-associated ligand (CAL) protein using PDZ 

domain peptide inhibitors.   

 The third chapter will discuss the transcriptome and proteome of CF primary 

bronchial epithelial cells, and the effects of the clinically approved CFTR corrector VX-

661 and ectoine. These data will be used to provide a deeper understanding of CF lung 

pathology, especially in relation to chapters 1 and 2; and to identify potential 

opportunities for future therapeutic intervention. 
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Introduction 

Cystic Fibrosis 

 Originally termed cystic fibrosis (CF) of the pancreas, CF was first described in 

1938 with autopsies identifying pathologies of the lung, pancreas, gastrointestinal tract, 

and other organs; and a mean survival of approximately 6 months [1]. Life expectancy 

for people with CF has gradually improved, thanks to pancreatic enzyme 

supplementation, airway clearance, and antibiotic therapy. Altered ion transport and 

electrophysiology of CF nasal epithelia was noted in 1983 [2]. In 1989, the CF 

transmembrane conductance regulator (CFTR)  gene responsible for CF was discovered 

[3]. Accordingly, it was shortly thereafter discovered that the gene, CFTR, encodes an ion 

channel responsible for chloride permeation [4]. Over 2000 unique CFTR mutations of 

varying severity have been discovered, with F508del mutation being the most common 

[5]. Seven different classes of CFTR mutations exist, with F508del belonging to class II 

mutation, meaning that the ion channel is not trafficked properly [6]. A table detailing the 

different CFTR mutation classes, adapted from [6] can be found in Figure 1. 
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Figure 1: Diagram detailing different CFTR mutation classes and 

therapeutic strategies which target them. Adapted from De Boeck and Amaral, 

2016. Lancet Respiratory Medicine [6]. 

  

 While CF is a multi-organ pathology, lung disease represents the major cause of 

morbidity and mortality, so this dissertation will primarily focus on the role of CFTR in 

the lung. CFTR is expressed in the bronchial epithelium, which serves as an important 

physical barrier to respiratory pathogens and pollutants. Here, CFTR transports chloride 

and bicarbonate ions across the epithelium into the lumen [7]. CFTR-mediated chloride 

transport is important for maintaining proper ionic composition of the periciliary liquid 

(PCL), which bathes the epithelial cilia responsible for efficient pathogen clearance. 

When there is a lack of functional CFTR (as is the case in CF), airway dehydration leads 
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to impaired  mucociliary clearance (MCC) [8]. It has been demonstrated that proper MCC 

is an important determinant of respiratory health [9], supporting a disease model for CF 

in which airway surface dehydration impairs host defense. Poor MCC results in chronic 

lung infections which often result over time in lung failure and is responsible for the 

majority of deaths in CF [8]. 

 Bicarbonate transport by CFTR is also important for proper mucociliary and 

antimicrobial function through its action as a biochemical buffer. Acidic pH has been 

shown to increase the viscosity of the airway surface liquid in CF, likely by strengthening 

electrostatic interactions between mucin polymers [10]. Indeed, bicarbonate transport by 

airway epithelia accompanies mucin production to support its release following 

stimulation by interleukin-4, and it can be seen that this is defective in CF [11]. Acidic 

pH has also been shown in CF pigs to impair bacterial killing, possibly through an 

inactivating effect on innate antimicrobial enzymes such as lysozyme and lactoferrin 

which require specific pH for optimal activity [12]. 

 Mucus trapping and innate immune deficiency lead to persistent infection and 

inflammation, and indeed, many treatment strategies for CF involve anti-inflammatory 

and antibiotic drugs [13, 14]. In more recent years however, therapies directly targeting 

CFTR itself have been developed. The CFTR protein belongs to the ATP binding cassette 

family, and transports ions at the cost of ATP hydrolysis [15]. CFTR contains two 

transmembrane domains, two nucleotide binding domains (NBD1 and NBD2), and a 

regulatory (R) domain; to open the channel, the R domain must be phosphorylated, then, 

NBD1 and NBD2 must bind ATP [15]. Phenylalanine 508 resides in NBD1, and when 
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deleted, disrupts an interface between NBD1 and the transmembrane domains, which 

results in improper folding of the protein [16]. 

 Due to this folding defect, F508del-CFTR is not sufficiently processed in the 

endoplasmic reticulum (ER), and most of the protein is degraded by the proteasome 

before it can be trafficked to the plasma membrane [17]. CFTR corrector compounds, 

such as VX-809 or VX-661 (Vertex Pharmaceuticals) facilitate proper folding and 

maturation of F508del-CFTR [18, 19]. In addition to its processing defect, F508del-

CFTR also displays an insufficient chloride conductance [20]. This has prompted the 

development of CFTR potentiators such as VX-770 [21]. Current therapies comprise a 

corrector-potentiator combination to correct and improve F508del-CFTR function. 

Unfortunately, a third defect exists as a consequence of the F508del mutation, in that the 

protein’s biological half-life when present at the membrane is significantly reduced due 

to rapid endocytosis and degradation by the lysosomes [22, 23]. To further complicate 

CFTR pharmacotherapy, potentiators have been demonstrated to counteract the effects of 

correctors [24]. Nevertheless, VX-661, a CFTR corrector, has shown promising clinical 

benefit in CF patients with one or two copies of F508del-CFTR, in combination with 

VX-770 [25, 26]. More recently, a triple combination called “highly effective therapy” 

comprising two correctors (VX-445 and VX-661) and the potentiator VX-770 has shown 

impressive clinical results in F508del homozygotes and heterozygotes [27-29]. Still, there 

remains a need to target CFTR protein stability, and this will be the primary focus of 

Chapter 2 of this dissertation. 
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 To target CFTR stability, it is first necessary to understand the biological 

mechanisms responsible for CFTR instability. As mentioned previously, when F508del-

CFTR is able to reach the plasma membrane of airway epithelial cells, it is rapidly 

endocytosed and degraded by the lysosomes [23]. It has been shown using cigarette 

smoke extract, that signaling by Extracellular Regulated Kinases 1 and 2 (hereafter 

referred to as ERK) plays an important role in CFTR degradation [30]. ERK can be 

activated downstream of many cellular receptors, but one that will receive attention in 

this dissertation is the Epidermal Growth Factor Receptor (EGFR). EGFR plays an 

important role in several inflammatory lung diseases, including both CF and COPD [31]. 

Accordingly, many similarities between CF and COPD have been noted, and in fact, 

there is substantial evidence that COPD may represent a state of “acquired CFTR 

dysfunction” [32]. This hypothesis explored in more detail in Chapter 1 of this 

dissertation, but first, it is necessary to understand the biology of COPD. 

 

Chronic Obstructive Pulmonary Disease 

 COPD is the third leading cause of global death [33], caused primarily by tobacco 

smoking. Historically, COPD has been broken down into two primary phenotypes: 

chronic bronchitis and emphysema; however, there can be considerable overlap between 

these two phenotypes, and COPD is often accompanied by several comorbidities [34]. 

Asthma-COPD overlap [35] and exacerbation-prone COPD [36] have also been 

suggested to represent distinct phenotypes. Clinically, COPD is diagnosed using 

spirometry to measure the ratio of forced expiratory volume in 1 second to forced vital 
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capacity (FEV1/FVC). An FEV1/FVC < 70% is required to diagnose COPD according to 

the Global Initiative for Chronic Obstructive Lung Disease (GOLD), with increased 

airflow limitation and presence of other symptoms indicating increasing stages of 

severity [37]. 

 Pathological manifestations of chronic bronchitis include increased production of 

mucus in the airways [38], smooth muscle proliferation [39], and small airway fibrosis 

[40]; all of which contribute to airflow limitation. Emphysema encompasses alveolar cell 

death and tissue enlargement [41]. This leads to gas trapping and airflow limitation, and 

indeed, quantitative computed tomography findings in patients are well-correlated with 

airflow obstruction and COPD biomarkers [42]. A possible link between CFTR 

dysfunction and emphysema will be discussed in more detail in Chapter 1.  

 The presentation of COPD can vary considerably between patients, however 

inflammation and recurrent infections play an integral role. Neutrophils and macrophages 

are recruited shortly following exposure to noxious gases and particles, and persist 

throughout the course of COPD, where they release tissue-damaging proteases, in 

conjunction with various other innate and adaptive immune cells [43]. Different 

inflammatory profiles have been well-correlated to different COPD phenotypes and 

severity [44-46], however a full review on inflammation in COPD is beyond the scope of 

this dissertation. Attempts have been made to define COPD endotypes, in which a 

molecular mechanism is linked to a disease phenotype, but it has proven difficult to 

define inflammatory endotypes, mostly due to the complexity and heterogeneity of 

inflammation in COPD [47]. Two distinct endotypes have been defined however: α1-
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antitrypsin deficiency, in which protease-antiprotease imbalance contributes to tissue 

destruction; and polymorphisms in telomerase reverse transcriptase, in which short 

telomeres contribute to cellular senescence and inflammation [47]. 

 Noting the causal association between telomere dysfunction and COPD, it is 

important to mention that COPD has been described by some as a disease of “accelerated 

aging,” wherein many molecular mechanisms associated with the process of aging occur 

in COPD, including cellular senescence (in which cells stop dividing), oxidative stress, 

and age-associated inflammation [48, 49]. Cellular senescence can be triggered by 

telomere shortening, but also by DNA-damaging agents, with double-strand breaks being 

the most potent inducers of cellular senescence [50]. Interestingly, carbon black, a 

nanoparticulate found in cigarette smoke, has been shown to damage DNA, which in turn 

promotes T-helper 17-mediated inflammation and emphysema [51]. DNA damage at 

telomere-specific sites has also been noted in airway epithelial cells from COPD patients, 

with telomere damage sites also correlating with markers of senescence and production of 

interleukin-6 and -8 in cigarette smoke-treated cells [52]. DNA damage accumulation can 

be a consequence of insufficient DNA repair, and importantly, a cluster of 15 DNA repair 

genes has been found to be dysregulated in a multi-cohort study of COPD patients, and 

well-correlated with COPD severity [53].  

 In a clinical setting, significant efforts are directed toward treating the 

inflammation associated with COPD, with treatments encompassing drugs that target 

cellular inflammation such as inhibitors of phosphodiesterase 4 (PDE4) or adenosine 

receptors, or drugs that target inflammatory mediators, such as various cytokines or 
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nuclear factor-κB [54]. Bronchodilators, antioxidants, and protease inhibitors are also 

given to COPD patients [54]. Interestingly one PDE4 inhibitor, roflumilast, has been 

shown to stimulate CFTR channel activity and improve mucociliary function following 

its repression by cigarette smoke [55]. CFTR activation by roflumilast has also been 

suggested to mediate its beneficial effect in chronic bronchitis [56]. Many links between 

CFTR dysfunction and COPD can be made [32], and these will be elaborated upon in 

Chapter 1 of this dissertation, with particular emphasis on the emphysema phenotype. 

 Overall, this dissertation will first discuss data showing a role for reduced CFTR 

expression in the development of emphysema. Since DNA damage accumulation is an 

underlying cause of COPD, evidence suggesting a DNA repair deficiency associated with 

CFTR dysfunction will then be discussed. From there, the focus will shift to uncovering 

mechanisms which regulate CFTR stability in the context of CF, and two strategies to 

target CFTR stability will be presented. Finally, transcriptomic and proteomic data 

generated from primary CF human airway epithelial cells will be discussed, particularly 

in the context of chapters 1 and 2. 
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Chapter 1: Role of CFTR Dysfunction in COPD Susceptibility 

Section 1: Reduced CFTR Expression Contributes to Emphysema-like Changes in 

Response to Aging and Cigarette Smoke 

Section 1 of this chapter is modified from the publication “Reduced expression of the Ion 

channel CFTR contributes to airspace enlargement as a consequence of aging 

and in response to cigarette smoke in mice” (Wellmerling JH et al, Respir Res. 

2019;20(1):200) 

Introduction 

 Chronic Obstructive Pulmonary Disease (COPD) is the third leading cause of 

death globally [33]. COPD is primarily caused by tobacco smoking, however other 

factors such as air pollution, individual genetics, and aging are also thought to play a role. 

COPD has traditionally been associated with two main phenotypes- chronic bronchitis 

and emphysema. Chronic bronchitis is accompanied by chronic airway inflammation and 

encompasses mucus hypersecretion, smooth muscle constriction, and small-airway 

fibrosis. Emphysema, also associated with inflammation, is characterized by airspace 

enlargement and tissue destruction in the lung parenchyma which results in alveolar 

distension and contributes to respiratory decline.  

 Many mechanistic similarities between aging and the development of COPD have 

been drawn and reviewed extensively, in which COPD can be considered an “accelerated 

aging” disorder [49]. While smoking is the primary cause of COPD, the finding that most 

smokers do not develop the disease has led to considerable interest in genetic factors that 

may predispose an individual to the effects of tobacco smoke. In accordance with the 
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accelerated aging hypothesis, mutations in the genes encoding Sirtuin 2 [57] and 

Telomerase Reverse Transcriptase [58] have been found to be associated with COPD. 

Another potentially interesting gene in the context of aging and COPD is CFTR, 

encoding the Cystic Fibrosis Transmembrane conductance Regulator (CFTR). 

 CFTR is an anion channel involved in airway hydration and mucociliary 

clearance most commonly studied in the context of Cystic Fibrosis (CF). CF is a life-

limiting autosomal-recessive disease in which severely reduced CFTR function increases 

patients’ susceptibility to lung infection and excessive inflammation, resulting in lung 

damage and ultimately respiratory failure [59]. CF patients also experience several 

symptoms often associated with aging, including diabetes and bone disease [60]; 

common comorbidities encountered in COPD [61]. An interesting clinical observation 

from CF patients undergoing lung transplantation is that they commonly develop 

emphysema, which becomes more severe with age [62]. Mechanistically, it is not clear 

whether this is due to the excessive airway inflammation associated with CF, or an 

alternative phenomenon. Interestingly, several markers of cellular senescence have been 

found to be increased in CF airways [63]. Additionally, skin fibroblasts from CF patients 

have been shown to senesce more readily than those from healthy controls [64]. 

 A growing body of research supports the idea that COPD is a disease of acquired 

CFTR dysfunction, particularly in the context of the chronic bronchitis phenotype [32]. 

We have previously shown that CFTR expression is reduced in the bronchial epithelium 

of patients with severe COPD [65], and identified a mechanism by which cigarette smoke 

exposure leads to CFTR degradation [30]. Considering the similarities between CF and 
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COPD, we hypothesized that disrupting CFTR expression may promote development of 

emphysema as a consequence of aging or exposure to tobacco smoke independent of CF 

airway disease. Mice do not develop the spontaneous infection and inflammation 

associated with CF airway disease [66, 67], providing a convenient model to address this 

question. To determine a potential role for CFTR expression levels in developing 

emphysema, the effects of aging and cigarette smoke exposure on Cftr+/+ (WT), Cftr+/- 

(Het), and Cftr-/- (KO) mice were examined. 

 

Methods 

 To determine a possible role for CFTR expression in emphysema-like changes, 

mice lacking CFTR (KO) or heterozygous (Het) for Cftrtm1Unc [stop codon in the murine 

cftr gene (S489X)] and homozygous for Tg(FABP-CFTR) [fatty acid-binding protein 

(FABP)-CFTR]; or wild-type (WT) littermates (Cftrtm1Unc FABP-hCFTR-CFTR 

bitransgenic mice from Jackson Laboratory, Bar Harbor, ME) were aged 14-20 months 

under standard pathogen-free housing conditions. Mice were considered “Aged” at 14 

months, because this age corresponds to the upper limit of a “Middle-aged” mouse 

(https://www.jax.org/research-and-faculty/research-labs/the-harrison-

lab/gerontology/life-span-as-a-biomarker). KO mice express human WT CFTR in the 

intestine (https://www.jax.org/strain/002364) and thus were able to be fed only standard 

mouse chow [68]. Seven-nine mice of each genotype were aged. Following euthanasia 

via CO2 and cervical dislocation, lungs were inflated with 10% neutral-buffered formalin 

at a pressure of 20 cm H2O and fixed for 24 hours, sectioned, and stained with 



12 

 

hematoxylin and eosin for morphometric analysis [69]. Alveolar airspace enlargement 

was quantified by calculating the mean linear intercept (LM). The same lungs and lobes 

were used across all the genotypes. For the aging study, both lungs were analyzed while 

for the cigarette smoke study, only the right lungs were analyzed. To calculate the LM, 5 

randomly selected images of alveolar tissue per mouse were used. A 10x10 grid was 

superimposed over each image with ImageJ software (NIH, Bethesda, MD), and the 

number of alveolar intersections for each line was manually counted. LM was calculated 

by dividing the length of lines by the number of intersections and averaged from 5 

images for each mouse. Lines intersecting vasculature, bronchioles, or poorly inflated 

areas of the lung were not used. To determine whether cftr genotype contributes to the 

severity of cigarette smoke-induced emphysema, WT, Het, and KO mice were exposed to 

smoke from 3R4F research grade cigarettes (University of Kentucky, Lexington, KY) via 

whole-body exposure as previously described [70]. To model chronic tobacco smoking, 

the regimen consisted of 4 cigarettes per day, 5 days per week, for 10 months. Control 

mice of each genotype were exposed to filtered air instead of cigarette smoke. Four-nine 

mice were used for each group. Following the 10-month exposure, mice were euthanized. 

To investigate the possibility that CFTR genotype plays a role in the inflammatory 

response to cigarette smoke, another set of 8 mice from each genotype were subject to the 

same treatment regimen as above for 4 weeks. Bronchoalveolar lavage (BAL) was 

conducted by washing lungs twice with 2ml of sterile phosphate-buffered saline (Life 

Technologies, Grand Island, NY). Cytospin was performed on BAL cells. Following 

Wright-Giemsa staining (Fischer Scientific, Kalamazoo, MI), numbers of 
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macrophages/monocytes, neutrophils, and lymphocytes were counted. Studies were 

approved by the Ohio State University Institutional Animal Care and Use Committee 

(IACUC, protocol #2015A00000067), in accordance with NIH and OSU IACUC 

guidelines. Studies conducted at the University of Cincinnati were approved by IACUC 

protocol 06-04-07-01. 

 

Results 

 Upon aging, Cftr-knockout mice displayed an increased mean linear intercept 

(LM), indicative of alveolar enlargement, compared to Heterozygous or WT mice (Fig. 

2A and 2B). Among mice aged 14-20 months, there was no correlation between age and 

LM (r2 = 0.1112). WT mice exposed to cigarette smoke (CS) for 10 months displayed a 

LM that was increased but not significantly different from that of wild-type mice exposed 

to filtered air (FA). However, airspace enlargement in heterozygous and knockout mice 

exposed to smoke was significantly greater than their wild-type counterparts. 
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Figure 2: Development of emphysema-like changes in elderly mice. 

Healthy 14–20 month old wild-type (WT), CFTR-heterozygous (Het), and CFTR-

knockout (KO) mice were sacrificed and lungs were fixed and inflated with 

formalin. (A) Representative micrographs of lung parenchyma stained with 

hematoxylin and eosin; and (B) mean linear intercepts (LM) of WT, Het, and KO 

mice. Magnification: 400X. Scale bar = 50 μm. ***p < .001 via one-way ANOVA 

with Tukey’s post-hoc multiple comparison. N = 7–9 mice per group. 

 

 Heterozygous and KO mice exposed to CS displayed increased LM compared to 

their FA counterparts (Fig. 3A and 3B). Periodic Acid-Schiff staining was conducted on 

lung sections to determine mucus expression and obstruction, however very little mucus 

was detected in the lungs of all mice. No signs of infection were noted in the lungs of KO 

mice as evaluated by presence of the key inflammatory mediator IL-1β in BAL, presence 

of inflammatory cells, altered lung structure, or mouse weight loss. During the smoke 
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exposure study, one WT mouse exposed to filtered air died from unknown causes 

(pathology was performed but the cause of death could not be identified). During the 

aging study, one heterozygous mouse had to be sacrificed due to edema and ocular 

swelling. In mice exposed to CS for 4 weeks, cytology revealed a modest but statistically 

significant increase in the percentage of macrophages/monocytes in BAL fluid between 

WT and both Het and KO mice (Fig. 3C). This increase in the percentage of BAL 

macrophages/monocytes was accompanied by a decrease in neutrophils (2.95%+1.30 for 

WT, 1.98%+0.67 for Het, and 1.97%+0.86 for KO mice), without a significant change in 

the total number of cells (7.74 ± 0.43 x 104 for WT, 7.91 ± 0.42 x 104, for Het, and 8.04 ± 

0.42 x 104 cells/mL for KO mice; p=0.39 via ANOVA).

 

Figure 3: Emphysema-like changes in mice exposed to cigarette smoke. 

Mice wild-type (WT), CFTR-heterozygous (Het), and CFTR-knockout (KO) were 

exposed to filtered air (FA) or cigarette smoke (CS) for 10 months. (A) 

Representative micrographs of lung parenchyma stained with hematoxylin and 

eosin and (B) mean linear intercepts (LM) of wild-type (WT), CFTR-heterozygous 
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(Het), and CFTR-knockout (KO) C57BL/6 J mice exposed to filtered air (FA) or 

cigarette smoke (CS) for 10 months. N = 4-9 mice per group. (C) Percentage of 

monocytes/macrophages in bronchoalveolar lavage fluid of mice exposed to 

cigarette smoke for 4 weeks. N = 8 from each group. Magnification: 400x. Scale 

bar = 50 μm. * p < .05, *** p < .001 between groups indicated by line; ## p < .01, 

### p < .001 compared to FA mouse of same genotype. NS indicates there is no 

significant difference between FA and CS WT mice. Significance was determined 

via one-way ANOVA with Tukey’s post-hoc multiple comparison 

 

Discussion 

 In the present study, we show using two different experimental models, aging and 

cigarette smoking, that lack of CFTR leads to increased airspace enlargement similar to 

emphysema. The finding of airspace enlargement in aged knockout mice is in accordance 

with findings in human CF patients [62]. However, we did not detect any mucus over-

production or obstruction via periodic acid-Schiff staining. In fact, very little mucus was 

detected in the lungs of all mice (data not shown). We also did not detect any differences 

in inflammatory cell counts in the BAL fluid of mice at the time of sacrifice (data not 

shown), suggesting that complete absence of CFTR promotes emphysema upon aging 

independent of an external inflammatory or oxidative stimulus. Our finding that only KO 

aged mice develop emphysema, while both Het and KO mice exposed to cigarette smoke 

do, may suggest that decreasing CFTR expression sensitizes the lung to the effects of 

cigarette smoke. This may imply that individuals carrying CFTR mutations might be 

more prone to developing emphysema. 

 The mechanisms behind which CFTR dysfunction promotes emphysema are 

currently unclear. It has been suggested that CFTR dysfunction contributes to 

emphysema through its regulation of pro-inflammatory ceramide signaling [71]. In 
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addition, it has been shown that CFTR inhibition increases the permeability of the 

pulmonary vasculature, and it has been hypothesized that this may lead to increased 

trafficking of inflammatory cells to the lung [72]. These studies however, were conducted 

using stressors such as cigarette smoke or lipopolysaccharide. Our novel finding in aged 

mice may suggest that an alternative, or at least an additional mechanism is playing a 

role. 

 The effect of aging on lung architecture has previously been investigated in 

BALB/c mice [73]. The authors found that while both alveolar surface area and volume 

increased, LM did not change after 28 months [73]. LM represents the alveolar volume to 

surface area ratio [74]. Thus, our results in WT and Het mice are in agreement with these 

findings [73]. Interestingly, several mouse models of accelerated aging also display signs 

of emphysema [75]. Mice homozygous for nonfunctional klotho have a maximal lifespan 

of about 12 weeks [76], and display alveolar epithelial cell apoptosis by 2 weeks of age, 

and increased LM by 4 weeks [77]. Klotho is a Fibroblast Growth Factor-23 co-receptor 

with pleiotropic downstream signaling effects which are potentially related to its “Anti-

aging” role, such as suppression of oxidative stress and senescence [78]. Another mouse 

model of accelerated aging is the Senescence Marker Protein-30 (SMP30) knockout 

mouse [79]. Compared to WT C57BL/6 controls, SMP30 KO mice displayed increased 

LM beginning at 1 month and persisting up to 6 months of age [79]. In another study, 

SMP30 KO mice displayed increased LM following 8 weeks of CS exposure, while WT 

mice did not [80]. Our finding that aged CFTR KO mice display increased LM are in 

agreement with those in Klotho- and SMP30-KO mice, as well as several other strains of 
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Senescence-Accelerated Mouse [75]. However, compared to the accelerated aging mice, 

CFTR KO mice take considerably longer (14 months) to display increased LM, and 

display normal lifespan due to gut correction (expression of human WT-CFTR in the 

intestinal epithelium under intestinal FABP promoter).  

 It is worth noting that similarly to the Klotho mouse, the CFTR KO mice display 

increased LM later in life that does not further increase with age [77]. This suggests that 

our findings are not directly caused by a developmental defect associated with knocking 

out CFTR, which is important to note because it has been suggested that CFTR plays a 

role in lung development in both mice and humans [81]. It also suggests that our findings 

represent a discrete occurrence, rather than a continuous process. Thus, all mice in the 

range of 14-20 months were considered “Aged” for this study. While many signs of 

cellular senescence have been noted in CF [82], further research will be necessary to 

determine if this explains our findings in aged CFTR KO mice. The main novelty of our 

findings in aged mice is that CFTR KOs  develop increased LM, despite only poorly 

recapitulating the pathophysiology of human CF patients which is characterized by 

chronic lung infection [66, 67]. 

 

Conclusion 

 To conclude, we report for the first time that mice lacking CFTR develop alveolar 

remodeling similar to emphysema upon aging, and that genetic reduction of CFTR 

expression contributes to emphysema-like changes following smoke exposure. Our 

results in aged mice may have implications for a CF population whose life expectancy is 
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rapidly increasing [83]. Cystic fibrosis is associated with several age-associated 

pathologies, including diabetes and bone disease; and now emphysema. This may suggest 

emphysema as a significant future problem for aging CF patients, as well as foreshadow 

problems often associated with old age, such as neurological and cardiovascular diseases, 

which currently receive little basic research attention in the context of CF. Finally, CF 

carriership is fairly common [84], and our results in heterozygous mice exposed to 

cigarette smoke suggest that CF carriers may be more susceptible to the effects of 

cigarette smoke, including secondhand smoke, carrying significant cautionary 

implications. Our data may also suggest CFTR as an attractive therapeutic target in 

emphysema, however more research needs to be done. 
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Section 2: Potential DNA Repair Defect associated with CFTR Dysfunction 

 

Introduction 

 Taking into consideration the data discussed above, we next asked how, on a 

mechanistic level, CFTR could contribute to emphysema development. As mentioned 

previously, DNA damage accumulation is thought to be an important contributing factor 

to COPD [53], and mechanistic studies have supported a role for DNA damage signaling 

in its development [51, 52]. Cigarette smoke has long been understood to induce DNA 

damage, including in human bronchial epithelial cells. [85, 86] Cigarette smoke contains 

many genotoxic compounds, including those which cause oxidative stress [87]. Reactive 

oxygen species (ROS) are well-understood to be inducers of various types of DNA 

damage [88]. This is important, because redox imbalance has been described as playing a 

potential role in the pathogenesis of CF [89], and in fact, transport of the antioxidant 

glutathione by CFTR is thought to be important in defense against cigarette smoke [90]. 

Therefore, we hypothesized that CFTR dysfunction would increase susceptibility to 

oxidative DNA damage. 

 

Materials and Methods  

 To address this hypothesis, the CF cell-line CFBE41o-  stably overexpressing WT 

or F508del-CFTR were treated with 50µM H2O2 (Sigma-Aldrich, St. Louis, MO) to 

induce oxidative DNA damage, and phosphorylation of histone 2A fraction X (γH2AX) 

(Cell Signaling Technology, Danvers, MA) was assessed by western blot and normalized 
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to the housekeeping protein GAPDH (Santa Cruz Biotechnology, Dallas, TX). Gamma-

H2AX is a marker for DNA double-strand breaks [91, 92]. Camptothecin and 1,2-Bis(2-

aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-

AM) were purchased from Sigma-Aldrich (St. Louis, MO). Statistical analysis was 

performed using GrapPad® Prism 5 software. Immunofluorescent detection of γH2AX 

was performed using the same antibody. Briefly, cells seeded on glass coverslips were 

permeabilized in methanol at -20°C for 20 minutes, then blocked with 5% bovine serum 

albumin. Following blocking, the primary solution was incubated at 37°C for 1 hour. 

After washing, ALEXA-Fluor 488-conjugated rabbit secondary was incubated at 37°C 

for 45 minutes. After the final wash, coverslips were mounted on glass slides using 

ProLongTM Gold antifade media containing 4′,6-diamidino-2-phenylindole (DAPI) 

(Invitrogen, Waltham, MA) and imaged the next day using an Olympus IX-51 fluorescent 

microscope (Olympus Corporation, Tokyo, Japan). 

 

Results and Discussion 

 We first wanted to determine the time required for oxidative stress to induce DNA 

damage in human bronchial cells. H2O2 was added for 2, 8, or 24 hours, and we 

determined that 2 hours was sufficient to induce H2AX phosphorylation in F508del-

CFBE cells, and thus used this time point for experimental replicates (Fig. 4A). 

Following 2 hours of treatment with 50µM H2O2, F508del-CFBE cells showed 

significant increase of H2AX phosphorylation compared to their untreated controls, while 
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WT-CFBEs did not (Fig. 4B). This supports the hypothesis that CFTR dysfunction 

increases susceptibility to DNA double-strand breaks induced by oxidative stress. 

 

 

Figure 4: Effect of H2O2 on H2AX phosphorylation in CFBE41o- cells 

stably expressing either WT or F508del-CFTR. WT or CF-CFBE cells were 

treated with 50μM H2O2 for the indicated time. (A) Representative immunoblot 

and (B) quantification from 3 independent experiments at 2hr time-point. *p<.05 

by t-test. 

 

 However, this finding raises a new question: whether the DNA in F508del-CFBE 

cells is being damage more easily due to general redox imbalance, or repaired 

insufficiently. To attempt to reconcile this, we employed the DNA Topoisomerase I 

inhibitor camptothecin (CPT). Topoisomerase I relaxes DNA supercoils during its 

replication, and inhibitors such as CPT induce DNA double-strand breaks by inducing 

replication stress [93].  

 One µM CPT was added to WT- and F508del-CFBE cells for 2, 6, or 24 hours, 

and H2AX phosphorylation was measured by western blot as with H2O2. Time-course 

data were fit using a least squares fit to a one-phase association model (Y = Y0 + (Plateau 
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– Y0)*(1 – e-kx), which contains terms for both a plateau, and the rate (k) at which the 

plateau is reached. Statistical significance was determined using an extra sum-of-squares 

F test, and a p-value <0.05 was considered to be significant.  

 It was determined that H2AX phosphorylation in response to CPT in WT- and 

F508del-CFBE cells was best-fit to curves with different models (Fig. 5A and 5B, Fig. 

6). It can be seen that neither baseline H2AX phosphorylation (the Y0 term), nor the 

phosphorylation rate (the K term) differed between WT- and F508del-CFBE cells, 

however the plateau term varied considerably. For reference, The Y0 term was 0.15 ± 

0.17 for WT and 0.19 ± 0.35 for F508del, k was 0.16 ± 0.10 for WT and 0.14 ± 0.09 for 

F508del, and the plateau was 1.17 ± 0.22 for WT and 2.60 ± 0.50 for F508del.

 

Figure 5: Time course effect of camptothecin (CPT) on H2AX 

phosphorylation in CFBE41o- cells stably expressing either WT or F508del-

CFTR. WT or CF-CFBE cells were treated with 1μM CPT for the indicated time. 

(A) Representative immunoblot and (B) Fitting of data to a one phase association 

kinetic model. Data were generated from three independent experiments. *p<.05. 
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Figure 6: Detection of γH2AX in CFBE41o- cells stably expressing either 

WT or F508del CFTR in response to camptothecin (CPT) or vehicle. Arrows 

indicate γH2AX foci. 

  

 CPT-induced DNA damage is not unrepairable [93], and in reality, a more 

comprehensive model would include DNA repair. However, it can be reasoned that after 

sufficient time, the γH2AX plateau would represent a compromise between the rate at 

which DNA is damaged and the rate at which it is repaired. Our data fitting does not 

suggest a difference in the rate at which DNA is damaged by CPT between WT- and 

F508del-CFBE cells, so this can be taken to infer that DNA is not being repaired as 

efficiently in cells expressing F508del-CFTR. 
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 We next hypothesized that a DNA repair defect associated with F508del-CFTR 

may be linked to increased intracellular calcium. Intracellular calcium has been shown to 

play a role in activation of the enzyme Poly(ADP-ribose) Polymerase (PARP) in response 

to DNA damage, which depletes the cell of the DNA repair cofactor NAD+, resulting in a 

greater extent of DNA damage [94]. The F508del mutation has been shown to lead to 

increased intracellular calcium by at least two separate mechanisms. On one hand, it has 

been proposed that it maintains some channel activity in the ER where it functions as a 

counter-ion channel and causes calcium to leak [95]. Increased cellular calcium uptake by 

the channel Transient Receptor Potential Vanilloid 6 has also been demonstrated in CF 

[96]. 

 To determine a role for aberrant calcium handling in susceptibility to DNA 

damage associated with F508del-CFTR, we again treated WT- and F508del-CFBE cells 

with 1µM CPT for 2 hours, in the presence of either the membrane-permeable calcium 

chelator BAPTA-AM, the specific CFTR inhibitor CFTR-inh-172, or the appropriate 

vehicle. CFTR-inh-172 was used to test the hypothesis that CFTR channel activity, 

specifically in the case of F508del-CFTR is responsible for the increased susceptibility to 

DNA damage that is seen. Treatment with BAPTA-AM partially reduced the effect of 

CPT on H2AX phosphorylation in F508del, but not WT-CFBE cells (Fig. 7), suggesting 

that increased intracellular calcium associated with the F508del mutation may contribute 

in part to DNA repair deficiency. CFTR-inh-172 had no significant effect in either cell 

lines, suggesting that CFTR channel activity is not influencing DNA damage 
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susceptibility.

 

Figure 7: Role of intracellular calcium in CPT-induced DNA damage 

accumulation. (A) Representative γH2AX immunoblot of CFBE41o- cells stably 

overexpressing either WT or F508del-CFTR treated with camptothecin (CPT) for 

2 hours in the presence of either the membrane permeable calcium chelator 

BAPTA-AM, or CFTR-inh 172. (B) Quantification of three independent 

immunoblots as seen in (A). 

 

Conclusion 

 To conclude, this section of Chapter 1 aimed to determine if CFTR dysfunction 

increases susceptibility to DNA damage (specifically double strand breaks). This is 

because we showed in the first section of this chapter that reduced CFTR expression in 

mice contributes to emphysema associated with loss of alveolar cells. Because DNA 

damage and repair deficiency is strongly associated with COPD, we suspected 

dysfunctional CFTR may contribute to DNA damage accumulation either by increasing 

susceptibility to oxidative stress or by impairing the cells’ ability to repair damaged 

DNA. We show here that F508del-CFTR expression leads to a greater extent of DNA 
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double-strand breaks following oxidative stress (H2O2), and also present evidence that 

this may be due in part to decreased repair capacity. Finally, we show that intracellular 

calcium chelation can partially reduce H2AX phosphorylation in response to CPT in 

F508del- but not WT-CFBEs, suggesting that the increased intracellular calcium in CF 

may play a role in this deficiency. 
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Chapter 2: Targeting CFTR Stability to Improve CFTR Function 

 

Introduction 

 In this chapter, we will primarily discuss factors which regulate CFTR stability, 

and means to target them. This chapter will be broken up into two sections. The first will 

discuss regulation of CFTR stability by AREG-EGFR-ERK signaling, and how this axis 

can be targeted with the natural osmolyte ectoine. The second section will discuss a 

cyclic cell-permeable peptide that can improve CFTR stability through inhibiting CAL-

CFTR protein interactions. Mutant CFTR folding defects can be improved through 

pharmacological correctors, and function can be improved through potentiator drugs, as 

seen in Figure 8. Importantly, no therapeutic compounds exist which target stability. 

Figure 8 shows a diagram of the two signaling axes that will be the focuses of this 

chapter. 
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Figure 8: Diagram showing the two therapeutic avenues that will be 

explored in Chapter 2. F508del-CFTR folding can be improved by corrector 

drugs such as VX-661, which allows it to be trafficked to the plasma membrane. 

Here, its channel activity can be improved by potentiator drugs such as VX-770. 

However, F508del-CFTR still displays a short plasma membrane half-life due to 

its instability, and no drugs currently target this. Section 1 will focus on targeting 

CFTR regulation by ERK with ectoine. Section 2 will focus on inhibiting CAL-

CFTR interactions through cyclic cell-permeable peptide drugs. 

  



30 

 

Section 1: Targeting the EGFR-ERK axis to stabilize plasma membrane CFTR 

This section is modified from a publication which is currently in preparation: “Targeting 

the EGFR-ERK axis using the compatible solute ectoine 

to stabilize F508del CFTR” 

 

Introduction 

Cystic Fibrosis (CF) is a genetic disease caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene. CFTR is a chloride channel that plays 

a critical role in the lung by regulating airway fluid homeostasis allowing cilia to beat and 

clear pathogens [97]. Absence of functional CFTR is associated with chronic infection and 

inflammation [98] and results in lung failure. The most common CF-causing mutation is 

deletion of phenylalanine at position 508 (F508del) and is present in about 70% of CF 

patients [99]. CFTR correctors and potentiators are currently being developed to correct 

the trafficking and functional defects of CFTR mutants, respectively. The potentiator VX-

770 (Ivacaftor: trade name Kalydeco) has been approved by the FDA for CF patients 

carrying the G551D mutation. This latter mutation results in CFTR protein that can traffic 

properly to the plasma membrane of airway cells but exhibits reduced activity. On the other 

hand, the F508del-CFTR mutant protein is trapped in the ER and then targeted to 

degradation via the ubiquitin-proteasome pathway [100]. VX-661 (Tezacaftor) is a recently 

FDA-approved CFTR corrector that facilitates folding and membrane trafficking of 

F508del-CFTR [101]. In addition to its trafficking defect, F508del-CFTR, if corrected, 

exhibits reduced chloride conductance [20]. A combination therapy of VX-661 and VX-
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770 (trade name: Symdeko) has been developed. A clinical trial of Symdeko in F508del-

homozygous patients showed a modest improvement in lung function and a considerable 

decrease in the rate of pulmonary exacerbations [26]. The new highly effective triple 

combination therapy Trikafta (VX-445 plus VX-661 plus VX-770) has been recently 

approved by the FDA. While there is significant improvement in lung function for many 

CF patients, this increase remains very modest (<5% of FEV1) for about 30% of CF patients 

on the trial [28]. Another defect with F508del-CFTR is that even when corrected, it 

displays greatly reduced plasma membrane stability [23]. It is therefore envisioned that a 

triple-combination therapy targeting protein trafficking, ion channel conductance, and 

membrane stability will prove beneficial for patients with the F508del mutation. 

Using cigarette smoke, we previously identified a role for the Extracellular Signal-

Regulated (ERK) Mitogen-Activated Protein Kinase (MAPK) pathway in degradation of 

CFTR, and determined that this was due to oxidative stress [102]. The Epidermal Growth 

Factor Receptor (EGFR) is a transmembrane receptor tyrosine kinase that plays a critical 

role in the activation of MAPK signaling in response to agents of oxidative stress in the 

lung epithelium, such as cigarette smoke and bacterial infection [103]. EGFR can be 

activated by several different ligands, including EGF, Transforming Growth Factor–Alpha 

(TGF-α), heparin-binding EGF, amphiregulin, epiregulin, betacellulin, and epigen [104]. 

Oxidative stress has also been implicated in the pathogenesis of CF lung disease [89, 105]. 

Accordingly, a recent report has identified increased activation of EGFR by amphiregulin 

in CF airway epithelial cells as a consequence of reduced transport of the antioxidant 

glutathione by CFTR [106]. We therefore hypothesized that targeting EGFR-ERK 



32 

 

signaling may offer a way to prevent degradation of corrected CFTR and therefore further 

improve its function. 

In the lung, EGFR is important for mucus production and inflammation, but also 

epithelial repair [31, 107]. EGF was initially identified as a hormone involved in 

development and organ growth [108, 109], with receptors present in many cell types and 

tissues [110]. In the lung specifically, EGFR was identified to induce expression of the 

mucin MUC5AC by its ligands EGF and TGF-α [111]. Upon activation by one of its 

ligands, EGFR undergoes homo- or heterodimerization and signals to its downstream 

targets [112]. EGFR activation results in initiation of the Ras-Raf-MEK-ERK signaling 

cascade [113]. Upon stimulation by 12-myristate 13-acetate (PMA), EGFR has been shown 

to promote production of the neutrophil chemoattractant interleukin-8 (IL-8) by airway 

epithelial cells through signaling to ERK [114]. EGFR ligands require shedding by 

metalloproteinases such as A disintegrin and metalloproteinase 17 (ADAM17), and 

interestingly, ADAM17 inhibition reduced IL-8 production by these cells, likely due to 

decreased TGF-α cleavage [114]. On the other hand, EGFR has been found to be important 

for epithelial wound repair [107] and in fact EGFR inhibition has been shown to worsen 

acute lung injury in a naphthalene-induced mouse model [115], and also enhanced 

inflammation and apoptosis tumor necrosis factor-α (TNF-α) overexpressing mice, which 

model emphysema and pulmonary fibrosis [116]. Infection and inflammation cause 

significant damage to the airways in CF, which is not repaired efficiently [117], and CFTR 

itself has been shown to play a role in airway repair [118]. Therefore, targeting EGFR 

directly may be counterproductive. 
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EGFR can also undergo ligand-independent activation, and this is often an inhibitor 

resistance mechanism that develops in various cancers as a result of EGFR mutation [119] 

or overexpression of the wild-type form [120]. Additionally, EGFR can undergo ligand-

independent activation following high oxidative stress, which has been shown to happen 

following cigarette smoke exposure [121]. In this case, EGFR does not form dimers, and 

remains active upon internalization [121]. An important step in ligand-independent EGFR 

signaling is its translocation from caveolin-rich lipid domains (“rafts”), and interestingly, 

the compatible solute ectoine has been shown to attenuate EGFR translocation from rafts 

in response to carbon nanoparticles, which negatively impacts ERK signaling without 

directly inhibiting EGFR [122]. In nature, compatible solutes such as ectoine exert a 

protective effect via increasing the native conformational stability of macromolecules 

[123]. Ectoine has been shown to restore neutrophil apoptosis in human primary cells and 

rats exposed to carbon nanoparticles; likely due in part to a reduction of ERK signaling 

[124]. Ectoine is well-tolerated in human subjects, and has afforded antioxidant or anti-

inflammatory benefit in several respiratory diseases [125-127]. 

We thus hypothesized that EGFR-ERK signaling is an important regulator of CFTR 

stability in CF, and that ectoine could offer a viable therapeutic option to target stability, 

in addition to potentially conferring an anti-inflammatory effect that may be beneficial to 

CF patients. 
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Materials and methods 

Chemical Reagents 

 The CFTR inhibitor Inh-172 was purchased from Sigma-Aldrich (St. Louis, MO). 

UO126, was from Calbiochem (La Jolla, CA). Epidermal growth factor receptor (EGFR) 

inhibitors, AZD9291 and erlotinib, TAPI-1, and CFTR corrector VX-661 were purchased 

from Selleckchem (Houston, TX). Forskolin was purchased from Abcam (Cambridge, 

MA). Recombinant human TGF-α was purchased from R&D Systems (Minneapolis, MN). 

Ectoine was purchased from Sigma-Aldrich (St. Louis, MO).  

Cell Culture 

 16HBE14o- and CFBE41o- are immortalized human bronchial epithelial cell lines 

from normal (non-CF) and CF patients (homozygous for F508del mutation), respectively. 

CFBE41o- expressing either wild-type-CFTR (WT-CFBE) or F508del (F508del-CFBE) 

were purchased from EMD Millipore (Burlington, MA). Cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) containing L-glutamine, 10% fetal bovine serum and 

penicillin (100 U/ml) and streptomycin (100 µg/ml), and hygromycin B (300 µg/ml). The 

tissue culture plates were coated using human fibronectin (1 mg/ml), collagen I bovine (3 

mg/ml), and bovine serum albumin (1 mg/ml).  

Primary human bronchial epithelial cells (HBE) were isolated either from lungs rejected 

for lung transplant for non-CF (NHBE), or from CF patients receiving lung transplant (CF-

HBE) following a protocol approved by Nationwide Children’s Hospital (Columbus, 

Ohio). Primary NHBE and CF-HBE were isolated as previously described by our group 

using a modified protocol from Dr. Randell [128-130]. Cells were seeded onto collagen-
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coated, semipermeable membranes (0.33 cm2; Transwell, Corning) and grown at an air-

liquid interface in Pneumacult-ALI medium (StemCell Technologies, Tukwila, WA). All 

the cells were grown and maintained at 37 °C in a 5% CO2 humidified incubator. One CF 

donor was F508del/1078delT and all others were F508del/F508del.  

Immunoblotting 

 Cells were lysed in TN1 lysis buffer [50mM Tris pH 8.0, 10mM EDTA, 10mM 

Na4P2O7, 10mM NaF, 1% Triton-X 100, 125mM NaCl, 3mM Na3VO4, and a cocktail of 

protease inhibitors (Roche Applied Science, Indianapolis, IN)]. Western blotting was 

performed as previously described [131]. In brief, 20-40 µg of total proteins were separated 

with SDS-PAGE in 4-15% polyacrylamide gel and then transferred to 

polyvinylidenedifluoride (PVDF) membranes (Bio-Rad, Hercules, CA). The membranes 

were blocked with 5% non-fat milk or BSA in PBS-Tween 20 and immunoblotted with 

primary antibodies against CFTR (24-1, R&D Systems, Minneapolis, MN; or 769, from 

the UNC distribution program), phospho-Erk1/2, Erk1/2,  phospho-EGFR and EGFR (Cell 

Signaling, Danvers, MA), β-actin or GAPDH (Santa Cruz Biotechnology, Dallas, TX) 

followed by treatment with appropriate HRP-conjugated secondary antibody (Pierce, 

Rockford, IL). The signals were detected with enhanced chemiluminescence (Super Signal 

West Pico; Thermo Scientific, Waltham MA). The protein bands were scanned and band 

density was measured using ImageJ software (NIH). For the cycloheximide chase assay, 

cells were incubated with 100μg/ml cycloheximide for intervals up to two hours prior to 

lysis and process for western blotting. The fraction of remaining CFTR was calculated by 

normalizing the ratio of CFTR to GAPDH at a specific time point to the ratio calculated in 
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cells which were not treated with cycloheximide. Data were fit to a one-phase exponential 

decay using GraphPad Prism software. 

Short-circuit current measurements using Ussing chambers 

 Ussing chambers were performed as previously described [129, 131, 132]. Briefly, 

the inserts were mounted in Ussing chambers in Ringer’s buffer (115 mM NaCl, 25 mM 

NaHCO3, 2.4 KH2PO4, 1.24 K2HPO4, 1.2 CaCl2, 1.2 mM MgCl2, and 10 mM D-glucose; 

pH 7.4). Ringer’s buffer was replaced by low chloride (1.2 mM NaCl and 115 mM Na 

gluconate replacing 115 mM NaCl) on the apical chamber as previously described [129, 

132]. The epithelial sodium channel ENaC was inhibited by addition of the ENaC inhibitor 

amiloride (100µM). CFTR channels were activated using forskolin (to increase 

intracellular cAMP, since CFTR is a cAMP-activated chloride channel). At the end of the 

experiment CFTR currents were inhibited using 10µM specific CFTR inhibitor Inh-172.  

Quantitative real time PCR (qRT-PCR) 

 Quantitative RT-PCR was employed to measure the transcript levels of the EGFR 

ligands AREG, EREG, EGF, HB-EGF, and TGF-α mRNA and was performed as 

previously described [133]. The mRNA levels were normalized to the expression of the 

housekeeping gene (CAP-1) and expressed as relative copy number (RCN). RCN=2ΔCt Χ 

100 where ΔCt = Cycle threshold (Ct) of gene ̶ Ct of the housekeeping gene (CAP-1). 

Enzyme-linked immunosorbent assay (ELISA)  

 AREG, TGF-α, and IL-8 present in supernatants were measured using ELISA kits 

(R&D systems, Minneapolis, MN) and experiments were performed according to the 

manufacturer’s instructions.  
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Lentiviral vector, transduction, and gene editing of primary CF-HBE 

 Primary airway cells from CF patients were infected with lentiviral particles 

containing single-guide RNA (sgRNA) targeting AREG or control sgRNA at a multiplicity 

of infection of 5 (5 particles per cell). Cells containing the lentivirus were selected using 

puromycin. When 75% confluent cells were seeded onto inserts switched to Pneumacult-

ALI cells were allowed to differentiate as described above. 

Transcriptomics and Pathway analysis 

 RNA was extracted from well-differentiated CF-HBE cells using RNeasy Micro 

Kit (Qaiagen, Germantown, MD). Input RNA quality and quantity were assessed using 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and Qubit Fluorometer, 

respectively. Samples with RNA integrity numbers greater than 7, and RNA concentration 

greater than 100ng/µL were sequenced utilizing the OSU Genomics Shared Resource. 

Messenger RNA (mRNA) sequence libraries were generated with NEBNext® Ultra™ II 

Directional RNA Library Prep Kit for Illumina (NEB #E7760L) and NEBNext® Poly(A) 

mRNA Magnetic Isolation Module (NEB #E7490) with an input amount of 200ng total 

RNA per sample. Libraries were pooled and sequenced on an Illumina NovaSeq SP 

flowcell in paired-end 150bp format (Illumina, San Diego CA) to read yield between 35 – 

40 million reads. Differentially Expressed Genes were identified using the DESeq2 

algorithm [134]. Genes with an absolute log2 fold-change greater than 1, and a Benjamini-

Hochberg adjusted p-value less than .05 were considered to be differentially expressed. 

Pathway enrichment analysis was performed using the software Reactome® [135]. 
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Statistical Analysis 

 Data are expressed as mean ± SD of at least three independent experiments. 

Statistical analysis was performed using GraphPad Prism. The results of the experiments 

were analyzed by unpaired t tests or one-way ANOVA with appropriate post hoc 

comparison. In all cases, a p value of ≤0.05 was considered statistically significant. 

 

Results 

The ERK MAPK pathway is active in human CF bronchial epithelial cells due to EGFR 

signaling 

 We previously reported that Erk1/2 (referred as ERK) activation induces lysosomal 

degradation of CFTR in airway epithelial cells upon cigarette smoke exposure [102]. We 

first wanted to determine if basal ERK activation was increased in CF human bronchial 

epithelial cells when compared to non-CF cells. To address this, we cultured primary HBE 

cells from CF (CF-HBE) and non-CF (NHBE) donors to differentiation, and assessed ERK 

phosphorylation via western blot. ERK phosphorylation was significantly increased in CF-

HBE compared to NHBE cells (Fig. 9A). Upon phosphorylation, ERK initiates expression 

of MAP kinase phosphatase-3 (MKP-3) at the gene level, which in turn dephosphorylates 

ERK in a negative feedback control mechanism [136]. Conversely, strong ERK activation 

also stimulates degradation of MKP-3 protein [136]. We found significantly decreased 

expression of MKP-3 in primary CF-HBE cells compared to NHBE cells (Fig. 9B), further 

supporting the case for constitutive ERK activation in CF airway cells. 
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 Since ERK activation can occur downstream of EGFR, and EGFR signaling has 

previously been reported to be enhanced in CF [106], we aimed to determine the 

contribution of EGFR to the ERK activation observed above in human CF bronchial 

epithelial cells. First, we determined via western blot that EGFR phosphorylation was 

increased in F508del-CFBE cells compared to 16HBE14o- cells (Fig. 9C). Next, we 

showed that two different specific EGFR inhibitors, AZD9291 and Erlotinib, offer near-

complete inhibition of ERK phosphorylation in F508del-CFBE cells (Fig. 9D). EGFR is 

activated by the binding of its specific ligands, which require cleavage by 

metalloproteinases such as ADAM17. Addition of TNF-α protease inhibitor-1 (TAPI-1), 

an ADAM17 inhibitor, also attenuated ERK phosphorylation (Fig. 9D). 

 

Figure 9: EGFR-ERK signaling is increased in CF bronchial epithelial 

cells. (A) Representative immunoblot and quantification of p-ERK in primary CF-

HBE (CF) and NHBE (non-CF) cells. Data were generated from 4 F508del and 4 

non-CF donors. (B)  Representative immunoblot and quantification of the ERK 

phosphatase MKP-3 in CF-HBE and NHBE cells. Data were generated from 3 
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F508del and 3 non-CF donors. (C) Representative immunoblot and quantification 

of p-EGFR (Y1173) in 16HBE14o- and CFBE41o- cells. Data represent three 

independent experiments. (D) Representative immunoblot and quantification of 

three independent experiments showing the effects of EGFR inhbitors AZD9291 

(AZD; 5µM) and Erlotinib (Erl; 5µM), the MEK inhibitor UO126 (5µM), and the 

ADAM17 inhibitor TAPI-1 (5µM) on ERK phosphorylation in CFBE41o- cells. 

All inhibitors were added for 24 hours. *p<0.05; **p<0.01. 

 

EGFR signaling negatively regulates CFTR 

 After determining that EGFR plays an important role in sustaining ERK activation 

in CF, we hypothesized that activation of EGFR in CF cells would lead to CFTR 

degradation. To test this, we added recombinant human TGF-α (one of the main EGFR 

ligands) to 16HBE14o- cells and measured CFTR protein expression by western blotting. 

Treatment with TGF-α caused a dose-dependent decrease in CFTR protein expression (Fig. 

10). 

 

Figure 10: The EGFR ligand TGF-α negatively regulates CFTR. 16HBE 

cells were treated with the indicated concentrations of TGF-α. Representative 

immunoblot (left panel) and quantification (right panel) of CFTR expression. 

Data are representative of three independent experiments. 
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This latter result strongly suggests that ERK activation observed in CF airway cells 

interferes with rescue of F508del-CFTR. CFTR correctors such as VX-661 have been 

recently approved by the FDA to rescue the most-common CF mutant F508del but the 

improvement in FEV1 remains modest. Therefore, we next aimed to answer a more 

translationally relevant question: whether EGFR blockade could enhance rescue of 

F508del CFTR by correctors. In CFBE cells stably overexpressing F508del CFTR, 

addition of an EGFR inhibitor increased expression of mature (“Band C”) CFTR Fig. 11A); 

as well as CFTR-mediated chloride transport as measured by Ussing chambers (Fig. 11B). 

EGFR inhibition on its own caused an increase in both expression and function, which 

worked additively with the CFTR corrector VX-661. 

 

Figure 11: Targeting EGFR facilitates F508del CFTR rescue. (A) 

F508del-CFBE cells were treated with the EGFR inhibitor AZD9291 (AZD), the 

CFTR corrector VX-661 or a combination of the two. Representative immunoblot 

demonstrating the additive effects of the EGFR inhibitor AZD9291 (AZD; 5µM) 

and the CFTR corrector VX-661 (5µM) on expression of mature (Band C) CFTR 

in CFBE41o- cells. (B) Forskolin-activated change in short-circuit current (ISC) 

measured with Ussing chambers in CFBE41o- cells treated with VX-661 (5µM), 

AZD (5µM), or a combination of the two. VX-661 was added for 48 hours, and 

AZD was added for 24 hours. *p<.05. 
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Amphiregulin production is upregulated in CF 

 After determining that EGFR-ERK signaling is upregulated in CF and negatively 

regulates CFTR, we aimed to determine the basis of its activation. The main ligands leading 

to activation of EGFR are EGF, Transforming Growth Factor–Alpha (TGF-α), heparin-

binding EGF (HB-EGF), amphiregulin (AREG), and epiregulin (EREG) [104]. We 

therefore asked whether there were differences in expression of EGFR ligands or the 

enzymes which cleave them associated with CF. Upon comparing gene expression of 

EGFR ligands and ADAMs in CFBE cells expressing WT or F508del CFTR, we noted 

increased expression of the EGFR ligands AREG and TGF-α (Fig. 12A), and the 

metalloproteinase ADAM10 (Fig. 12B). On the other hand, EGF and EREG were below 

detection levels. In primary HBE cells, mRNA expression of both AREG and TGF-α were 

higher in cells cultured from CF than from non-CF donors (Fig. 12C). Using an ELISA 

approach, we detected increased AREG secretion in apical washes of CF-HBE compared 

to NHBE cells (Fig. 12D). 
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Figure 12: AREG production is up-regulated in CF. Gene expression of 

the main EGFR ligands (A) and the enzymes which cleave them, ADAM10 and 

ADAM17 (B) were detected by qRT-PCR in CFBE41o- cells stably expressing 

either WT or F508del CFTR. (C) Gene expression of the main EGFR ligands 

were detected by qRT-PCR in primary HBE cells from three separate 

F508del/F508del donors or non-CF controls. (D) AREG secretion into apical 

media by NHBE and F508del CF-HBE cells (3 donors each) measured by ELISA. 

AREG: Amphiregulin, HB-EGF: Heparin-binding epidermal growth factor, TGF-

α: Transforming growth factor alpha. *p<.05, **p<.01, ***p<.001. 

 

Amphiregulin knockout facilitates CFTR rescue 

Our results above show that the EGFR ligand AREG is increased in primary CF-

HBE cells when compared to NHBE cells (see Fig. 10). To further demonstrate the 

importance of EGFR ligands in regulating CFTR in primary airway cells, we tested 

whether down-regulation of AREG would improve CFTR rescue and function with the 

corrector VX-661. AREG was knocked out in primary CF-HBE cells (F508del/F508del) 

using a lentiviral vector containing sgRNA targeting AREG and a CRISPR-Cas9 knockout 

system. Figure 13A shows that AREG expression was decreased with the tested sgRNA. 
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Primary CF-HBE cells were incubated with the corrector VX-661 resulting in increased 

mature F508del-CFTR (Band C). Rescue of F508del-CFTR was further increased in cells 

with reduced AREG (Fig. 13A). CFTR function was then measured in the presence or 

absence of VX-661 using Ussing chambers. Compared to control sgRNA, AREG-knock-

down cultures demonstrated a significantly greater forskolin-mediated change in short-

circuit current after treatment with VX-661, suggesting that targeting AREG improves 

CFTR rescue Fig. 13B). 

 

Figure 13: AREG knockout facilitates CFTR rescue. Primary CF-HBE 

cells were transduced with a lentiviral vector encoding Cas9 and a single guide 

(sg) RNA targeting AREG (sgAREG), or a control sgRNA (sgCT). Cells were 

treated with VX-661 or vehicle. (A) Expression of CFTR and AREG in primary 

F508del/F508del CF-HBE transduced with sgCT or sgAREG. GAPDH shows 

equal protein loading. (B) Forskolin-activated short-circuit current (ISC) measured 

by Ussing chambers. ***p<0.001 compared to untreated sgCT , #p<0.05 

compared to sgCT treated with VX-661. N=3-6 filters per condition. 
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Ectoine decreases ERK signaling in CF, and improves CFTR stability and function 

To target EGFR-ERK signaling in CF, we also employed the biologically inert 

osmolyte ectoine. Ectoine has been shown to prevent EGFR phosphorylation and ERK 

activation in response to carbon nanoparticles [122, 124]. First, we wanted to evaluate the 

effect of ectoine on ERK activation in CF-HBE cells. We found that ectoine decreases 

ERK phosphorylation in primary CF-HBE cells from F508del/F508del donors (Fig. 14A). 

Since we previously reported that cigarette smoke-induced ERK activation leads to 

degradation of plasma membrane CFTR [102], and we know that F508del-CFTR has 

reduced plasma membrane stability [100], we wanted to test whether ectoine could stabilize 

rescued F508del-CFTR. Next, we measured the biological half-life of F508del-CFTR 

rescued with VX-661 in CFBE cells. Ectoine significantly increased the half-life of CFTR 

from about 42 to 111 minutes (Fig. 14B). To determine if this increase in stability 

corresponds to increased chloride transport, primary CF-HBE cells were treated with 

ectoine, VX-661, a combination of the two, or vehicle (control). As expected, VX-661 

significantly increased chloride transport. Ectoine in combination with VX-661 further 

increased chloride transport, while ectoine alone had no effect (Fig. 14C).  
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Figure 14: Ectoine decreases ERK phosphorylation and increases CFTR 

stability. (A) Representative immunoblot and quantification for p-ERK in primary 

F508del/F508del CF-HBE cells treated with ectoine or vehicle. 

(B) Representative immunoblot and measurement of CFTR biological half-life via 

cycloheximide chase in CFBE41o- cells overexpressing F508del CFTR. Data 

were generated from three independent experiments. Cells were treated with VX-

661 for 48 hours and ectoine for 24 hours. (C) Forskolin-mediated short-circuit 

current (ISC) indicative of CFTR function in primary F508del/F508del CF-HBE 

cells treated with ectoine, VX-661, a combination of the two, or vehicle (control). 

N=3-7 from 3 independent donors. *p<0.05, ***p<0.001. 
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Ectoine dampens inflammatory signaling in CF-HBEs 

Due to ectoine’s negative effect on ERK signaling, we next investigated a possible 

effect on inflammatory signaling. To better understand the potential effects of ectoine in 

CF, we analyzed how the bulk transcriptome of CF-HBE cells changes when treated with 

VX-661 and ectoine. We performed pathway enrichment analysis on genes up- or down-

regulated by combination treatment. Pathways enriched among genes down-regulated by 

treatment were mostly related to extracellular matrix turnover and interleukin signaling 

(Fig. 15A). Genes related to interleukin signaling were down-regulated by ectoine, 

including various cytokines and metalloproteinases. Interestingly, combination treatment 

also downregulated the NADPH oxidase DUOX2, and the electroneutral 

chloride/bicarbonate transporter Pendrin (SLC26A4) (Fig. 15B). Pendrin and DUOX2 are 

important for hypothiocyanite production, which can in turn stimulate the pro-

inflammatory transcription factor NF-κB [137]. Surprisingly, no genes were determined to 

be differentially regulated by VX-661 on its own. There is evidence that AREG can 

promote expression of matrix metalloproteinase-9[138], which is down-regulated by 

treatment. Therefore, we hypothesized that ectoine itself may be reducing AREG 

production. Indeed, ectoine significantly decreased shedding of the EGFR ligand AREG 

by primary CF-HBE cells (Fig. 15C). VX-661 alone also decreased release of AREG. 

However, combination of ectoine and VX-661 did not further decrease release of AREG 

(Fig. 15C).  

CF patients also have excessive neutrophil infiltration in their lungs due to secretion 

of the potent chemoattractant IL-8 by airway cells [139]. Since the ERK pathway 
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contributes to IL-8 secretion by airway epithelial cells [140] we wanted to assess the effect 

of ectoine on IL-8 secretion. Ectoine in combination with VX-661 significantly decreased 

secretion of IL-8, whereas each compound on its own decreased IL-8 but the effect was 

not statistically significant (Fig. 15D). 

 

Figure 15: Anti-inflammatory effects of ectoine in primary CF-HBE cells. 

(A) Reactome® pathways significantly enriched (FDR<.05) among the fraction of 

genes downregulated by VX-661 and ectoine together in CF-HBE cells compared 

to vehicle-treated CF-HBE controls. (B) Log fold-change plot of genes of interest 

differentially regulated by VX-661 and ectoine related to inflammatory signaling. 

Data were generated from four separate F508del/F508del donors. (C) The EGFR 

ligand AREG and the neutrophil chemoattractant interleukin-8 (IL-8) (D) were 

detected by ELISA in apical washes from primary F508del/F508del CF–HBE 

cells treated with ectoine, VX-661, a combination, or vehicle (control). N=3 from 

3 independent donors.  *p<0.05. 
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Discussion 

 Improving rescue of CFTR mutants remains challenging. This is particularly true 

for F508del-CFTR due to its various effects altering CFTR protein trafficking, ion channel 

function, and stability at the plasma membrane. Drugs currently available for F508del 

target the trafficking defect and channel function, but not protein instability. Here we show 

that the EGFR/ERK axis is up-regulated in CF airway cells at least partially due to 

increased release of the EGFR ligand AREG. We also show that targeting this axis using 

specific inhibitors or by modulating AREG expression increased rescue and function of 

CFTR in human CF (F508del/F508del) bronchial epithelial cells. Finally, we found that 

the osmoprotectant ectoine could reduce ERK activation resulting in increased half-life of 

F508del-CFTR, improved rescue and enhanced chloride transport. Interestingly, ectoine 

could also reduce secretion of the neutrophil chemoattractant IL-8 by primary CF-HBE 

cells.    

An important finding of our study is that ERK signaling is constitutively active in 

CF airway cells. We have previously shown that ERK activation by cigarette smoke 

induces lysosomal degradation of CFTR [102], so ERK’s constitutive activity in CF airway 

epithelial cells makes it an attractive therapeutic target. The molecular mechanisms 

responsible for ERK-mediated CFTR degradation are currently unclear. An RNA 

interference screen identified many kinases that can activate ERK to suppress CFTR 

rescue, and the authors proposed that ERK’s inhibition of several chaperone proteins was 

important for this [141]. The ring finger and FYVE-like domain containing E3 ubiquitin 

protein ligase (RFFL) has also been shown to mediate lysosomal degradation of F508del-



50 

 

CFTR  independent of chaperones, and interestingly, RFFL is transcribed following ERK 

activation [143].  

 As noted by others, many kinases, several of which involve ERK, negatively 

regulate CFTR; including EGFR, fibroblast growth factor receptors, and TGF-β receptors 

[141, 144]. Our data using inhibitors of EGFR and ADAMs suggest an important role for 

this axis in regulating CFTR, but we cannot rule out the importance of other signaling 

mechanisms. The difficulty in determining the contribution of various receptors further 

supports the use of ectoine to target ERK in CF, since ectoine’s stabilizing effect is not 

specific to EGFR. In fact, using single-molecule force spectroscopy, it has been shown that 

ectoine and other compatible solutes increase the force necessary to pull bacteriorhodopsin 

out of the cell membrane [145]. Taking this into consideration, it is also possible that the 

effect we report of ectoine on CFTR stability could be due to a direct stabilizing effect on 

CFTR. If this were the case, then it would also be conceivable that ectoine’s inhibitory 

effect on ERK could be mediated by CFTR, since EGFR-ADAM17 signaling in CF is 

likely a direct consequence of decreased glutathione transport by CFTR [106]. Our data 

showing that VX-661 decreases AREG secretion could support this, since ERK has been 

shown to be involved in ADAM17 activation [146]. However, the effect of VX-661 alone 

on ERK phosphorylation was inconsistent (not shown).  

 Slight discrepancies exist between our findings and those of others, which could 

likely be explained by differences in the experimental systems employed. Stolarczyk et al. 

showed increased AREG production, but not gene expression in CFBE cells expressing 

F508del compared to WT CFTR, but only after culturing the cells at air-liquid interface. It 
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can be seen that switching the culture system to air-liquid causes a change in AREG mRNA 

expression [106]. In our experiments, CFBE cells were cultured under liquid-liquid 

conditions, so this could explain these differences. Our failure to detect differences in 

protein expression of TGF-α or AREG between CFBE cells expressing WT- or F508del-

CFTR could also be a consequence of culturing the cells at liquid-liquid interface. In 

primary HBE cells, we detected differences at the gene level in both AREG and TGF-α. 

However, we only detected differences in AREG secretion between cells from CF and non-

CF donors. We did not detect TGF-α via ELISA in apical washings of these cells. 

 The importance of the ligand AREG is further demonstrated by our finding that 

reducing AREG expression using a CRISPR-Cas9 system can improve CFTR rescue and 

function in primary CF-HBE cells treated with VX-661. While both AREG and TGF-α 

were found to be up-regulated at the mRNA level in CF airway cells, we decided to focus 

on AREG because TGF-α protein was not detected in apical washes. CFTR knockdown 

with shRNA has also been reported to increase the expression of the EGFR ligand EREG 

at the gene and protein level in the intestinal epithelial cell line Caco-2 [147], however we 

did not detect any differences in this EGFR ligand in either of our experimental systems. 

Others have reported that AREG is markedly increased by WT-CFTR at the transcription 

level via the long non-coding RNA SUMF1-2 [148], which is contradictory to our findings. 

Future studies will be necessary to understand this difference, but it is likely due to 

differences in the experimental systems used.  

 Regardless, our results have identified AREG-EGFR-ERK signaling as an intrinsic 

regulator of CFTR in CF, and shown that the natural osmolyte ectoine can target this 
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pathway; resulting in increased CFTR stability in addition to its anti-inflammatory effects 

(Summarized in Fig. 16). We suspect that ectoine, in combination with CFTR modulators, 

would benefit CF patients. Our results showed a synergistic effect between ectoine and 

VX-661, however future studies will be necessary to determine whether ectoine 

complements the effects of other CFTR modulators. The CFTR potentiator VX-770 has 

been reported to counteract the beneficial effects of the CFTR modulators VX-809 and 

VX-661 by decreasing bulk CFTR stability [24, 149]. Evidence exists that at the single-

channel level, a small population of CFTR molecules are in fact stabilized, possibly 

offering an explanation for the clinical benefits observed with combination therapy [150]. 

It was speculated by the authors that this stabilized CFTR population corresponds to CFTR 

localized to cholesterol-rich lipid domains (rafts) [150]. If this were the case, it is then 

conceivable that ectoine could counteract the destabilizing effects of VX-770 by enriching 

membrane- or raft-fraction CFTR, in a similar fashion to its effect on EGFR membrane 

and raft localization [122], and further improve CFTR rescue.  Finally, the newly approved 

CFTR modulator VX-445 has been shown to robustly increase CFTR function in triple 

combination with VX-661 and VX-770, as well as drastically improve clinical outcomes 

[27, 28]. However, this increase remains very modest (<5% of FEV1) for about 30% of CF 

patients on the trial. Whether ectoine, or other drugs targeting EGFR-ERK will afford any 

additional benefits in combination with VX-445 will need to be investigated in the future. 
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Figure 16: Graphical abstract showing the role for AREG-EGFR-ERK 

signaling in regulation of CFTR. AREG production is up-regulated in CF and 

activates EGFR, signals downstream to ERK. ERK signaling causes lysosomal 

CFTR degradation. Ectoine can attenuate ERK signaling, likely through interfering 

with EGFR translocation. This has a preventative effect on degradation of CFTR 

that has been trafficked through the membrane through correction with VX-661. 

Increased plasma membrane CFTR expression results in increased chloride 

transport. Ectoine also reduced production of IL-8, and likely other inflammatory 

cytokines. 
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Section 2: Stabilizing plasma membrane CFTR by targeting the CFTR-associated 

ligand (CAL) protein using PDZ domain peptide inhibitors.   

This section is modified from a publication that is currently in press: “Cyclic Peptidyl 

Inhibitors against CAL-CFTR Interaction for Treatment of Cystic Fibrosis”(Dougherty*, 

Wellmerling* et al, Journal of Medicinal Chemistry) 

*Co-first author 

 

Introduction 

 The severity and life altering nature of CF has made the search for therapeutic 

interventions of the utmost importance. Symptomatic treatment options, such as 

antibiotics and inhaled corticosteroids, are helpful but do not address the underlying 

pathophysiology [151]. Direct modulation of aberrant CFTR biochemical function has 

been challenging because CFTR mutants are nontraditional drug targets and highly 

heterogeneous; each therapeutic is likely to be only effective against a specific class of 

CFTR mutations. To date, three different classes of modalities have been developed to 

rescue the function of CFTR mutants, namely potentiators, correctors, and stabilizers 

(Figure 1a). Potentiators, as exemplified by the small molecule Ivacaftor (VX-770) [21], 

act by increasing the probability for the ion channel to stay in the open state and are most 

effective against Class III mutations (e.g., G551D). Correctors such as Tezacaftor (VX-

661) [152] and the newly FDA approved Elexacaftor (VX-445) [27] function to promote 

proper folding and stabilize Class II CFTR mutants (e.g., F508del). They generally lack 

single-agent efficacy and must be used in combination with potentiators. The third class, 
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stabilizers, function to increase the membrane expression of CFTR by preventing it from 

lysosomal trafficking and degradation [153]. Stabilizers represent a very attractive 

modality for the treatment of CF as they should be effective across the entire CFTR 

mutational landscape and synergize with correctors and/or potentiators. Unfortunately, 

such a compound is not currently available to CF patients. 

 The most common mutation, corresponding to a deletion of phenylalanine 508 

(F508del), is present in an estimated 90% of CF patients.16 As a Class II mutant, 

F508del-CFTR is conformationally unstable and upon rescue subject to rapid lysosomal 

degradation. While combination therapies of correctors and potentiators have 

substantially improved lung function of CF patients with one or two F508del alleles, they 

cannot address the underlying issue of rapid membrane turnover conferred by the 

F508del mutation. The membrane expression of CFTR is controlled through interactions 

between its C-terminus and two different classes of PDZ domain-containing proteins 

[154, 155]. While binding to PDZ domain proteins Na+/H+-exchanger regulatory factor 

isoform-1 and 2 (NHERF-1 and 2) stabilizes CFTR on the plasma membrane [156, 157], 

interaction with CFTR-associated ligand (CAL) targets CFTR for lysosomal degradation 

(Figure 1a) [158, 159]. These observations suggest that selective inhibitors against the 

CAL PDZ-CFTR interaction should provide a novel class of CFTR stabilizers. This 

approach was initially validated by the discovery of a peptidyl inhibitor of the CAL PDZ 

domain, iCAL36, which enhanced CFTR membrane half-life in cultured airway epithelial 

cells [160]. Since then, a number of other peptidyl inhibitors have been reported, with 

CAL binding affinities typically in the low µM to high nM range [161]. There have also 
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been efforts in developing covalent small-molecule inhibitors of this interaction [162]. 

Peptides are well suited to target the CAL-CFTR interaction because of their potential for 

high affinity and specificity, but they generally lack cell-permeability and metabolic 

stability. To overcome these limitations, we previously designed a cell-permeable, 

reversibly cyclized peptidyl inhibitor, by fusing a cell-penetrating peptide (CPP) with a 

CAL PDZ domain-binding sequence [163]. When outside the cell, peptide 1 exists as a 

disulfide-cyclized macrocycle, which has improved proteolytic stability and cell-

permeability. Upon entering the cell, peptide 1 is converted into the linear, active form by 

intracellular thiols [e.g., glutathione (GSH)]. Peptide 1 increased the ion channel activity 

of F508del-CFTR in CF bronchial epithelial (CFBE) cells by 77%, but required high 

concentrations (50 μM) owning to its modest binding affinity for the CAL PDZ domain 

(KD = 0.5 μM), limited cell-permeability, as well as proteolytic stability (serum t1/2 ~5 h). 

In this work, we carried out a modeling-guided medicinal chemistry campaign and 

greatly improved the potency, specificity, cell-permeability, and metabolic stability of the 

parent peptide. The optimized inhibitor greatly improved the ion channel activity of 

F508del-CFTR in CFBE cell line and CF patient-derived primary lung epithelial cells at 

low nanomolar concentrations. 
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Results and Discussion 

Selective Binding to CAL Is Required for Improving the Function of Rescued F508del-

CFTR.  

 We evaluated peptides 19c and 22c for their efficacy in improving the chloride 

ion channel activity of primary CF human bronchial epithelial (CF-HBE) cells from a 

patient homozygous for the F508del mutation. In this assay, CFTR function is assessed 

by measuring the short-circuit current (ISC) flowing across differentiated primary CF-

HBE cultures grown at air/liquid interface using Ussing chambers [129, 164]. CF-HBE 

cells were incubated with 5 µM VX-809, a small-molecule corrector [18], and 100 nM 

peptide before measuring CFTR function. Peptide 19c increased the ISC value by ~50% 

relative to VX-809 alone, suggesting effective rescue of F508del-CFTR on the apical 

membrane (Fig. 17). Much to our surprise, peptide 22c had no significant effect on ISC, 

despite its similar CAL binding affinity and 18-fold higher cellular entry efficiency. We 

reasoned that the lack of efficacy by peptide 22c might be caused by off-target effects. 

Specifically, the C-terminus of CFTR interacts with the PDZ domain(s) of several 

different proteins, including CAL, NHERF1, and NHERF2. [22] While binding to CAL 

targets CFTR for lysosomal degradation, interaction with NHERF1/2 facilitates CFTR 

trafficking to the plasma membrane and stabilizes CFTR on the membrane. Thus, 

simultaneous inhibition of NHERF1/2 PDZ domains would offset the beneficial effects 

of inhibiting the CAL-CFTR interaction. To test this hypothesis, we determined the 

binding affinities of peptides 19 and 22 to CAL PDZ, NHERF1 PDZ domain 1, and 

NHERF2 PDZ domains 1 and 2 by fluorescence polarization. Our attempt to produce 
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soluble NHERF1 PDZ domain 2 was unsuccessful. Peptide 19 showed modest selectivity 

for CAL-PDZ (14- to 36-fold) over NHERF1/2 PDZ domains. In contrast, peptide 22 

exhibited essentially no selectivity for CAL vs NHERF1/2 domains (2- to 12-fold). These 

results suggest that selective inhibition of CAL PDZ domain is essential for increasing 

F508del-CFTR function. 

 

PGD97 Increases Surface Expression of Rescued F508del-CFTR.  

 Previous studies have shown that knock-down of CAL expression by siRNA 

increases the plasma membrane population of F508del CFTR by 4.4-fold.37 Inhibition of 

the CAL-CFTR interaction by PGD97 is therefore expected to reduce lysosomal 

degradation of plasma membrane CFTR, thereby increasing the overall cellular level and 

cell surface expression of CFTR [160, 163]. To test this hypothesis, we treated 

CFBE41o- cells,38 which stably express F508del-CFTR, with vehicle (DMSO), 5 µM 

Figure 17: Comparison of peptides 19c and 22c for their effi-cacy in 

increasing CFTR-mediated short-circuit currents in CF-HBE cells. Cells were 

treated with 5 µM VX-809 for 48 h, followed by 100 nM peptide for 2 h before 

measuring short-circuit current (Isc) in an Ussing chamber. Values are scaled 

relative to treatment with VX-809 alone (100%) and represent the mean ± SD (2-3 

replicates/condition), one donor. *, p <0.05. 
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VX-661 (a corrector), or 5 µM VX-661 in combination with 100 nM PGD97 and im-

munostained the cells with an antibody against CFTR. In vehicle treated cells, the 

F508del-CFTR fluorescence was weak and largely perinuclear (Fig. 18A). Treatment 

with VX-661 alone increased the overall fluorescence intensity, although the 

fluorescence remained mostly perinuclear with some staining extending to the surface of 

the cells (Fig. 18A and 18B). In contrast, cells treated with both VX-661 and PGD97 

showed much brighter CFTR fluorescence, which was also more diffused throughout the 

cytoplasmic region. These observations indicate that PGD97 and VX-661 act synergisti-

cally to increase the surface expression of F508del-CFTR. 

 

 
Figure 18: PGD97 improves CFTR function in CFBE41o- cells stably 

overexpressing F508del-CFTR. (A) Immunofluorescence staining of CFBE41o- 

cells after treatment with vehicle (DMSO), 5 µM VX-661, or 5 µM VX-661 + 

100 nM PGD97. CFTR is stained green, the tight junction marker Zona 

Occludins-1 (ZO-1) is stained red, and nuclei are stained blue. (B) Quantification 

of CFTR staining in (a) of 3 independent experiments. *p<0.05; ***p<0.001. (C) 

Change in short-circuit currents (Isc) in CFBE41o- cells after treatment with VX-

661 (5 μM) or VX-661 (5 μM) + PGD97 (100 nM). (D) Fraction of CFTR 
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remaining in CFBE41o- cells pretreated with VX-661 (5 μM) or VX-661 (5 μM) 

+ PGD97 (100 nM) after 2 h of cycloheximide treatment as assessed by western 

blot quantification. Data shown are relative to that of cells which were not treated 

with cycloheximide. *, p<0.05; **, p<0.01 from n = 3 independent experiments. 

 

PGD97 Improves Function of Rescued F508del-CFTR.  

 We next evaluated the capacity for PGD97 to restore F508del-CFTR function in 

CFBE41o- cells. Co-treatment with corrector VX-661 (5 µM) and 100 nM PGD97 

resulted in ~50% increases in ISC over VX-661 as measured both with CFTR activation 

and inhibition (Fig. 18C and data not shown). As membrane localized F508del-CFTR is 

still only marginally functional and the membrane current may not accurately reflect the 

efficacy in inhibiting the CAL-CFTR interaction, we evaluated if our compound was 

effective for preventing CAL-mediated F508del-CFTR degradation. Use of a 

cycloheximide chase to arrest de novo protein synthesis and probe the fraction of extant 

CFTR remaining following treatment with 100 nM PGD97 indicated a ~60% 

improvement in CFTR over VX-661 alone (Fig. 18D). Taken together, these results show 

that PGD97 increases the stability of the rescued CFTR population resulting in increased 

channel function. 

 



61 

 

 

Figure 19: Ex vivo efficacy of PGD97 in CF patient-derived 

primary HBE cells (CF-HBE). (A) Dose response of PGD97 in increasing 

the short-circuit currents (Isc) in the presence of 0 or 5 μM VX-661. (B) 

Comparison of CFTR-mediated Isc using the specific CFTR inhibitor Inh-172 

(100 μM) in CF-HBE cells treated with vehicle (CT), VX-661 alone (5 μM), 

or VX-661 (5 μM) + PGD97 (100 nM). (C) Change in Isc after treatment 

with 100 nM PGD97 alone. Primary CF-HBE cells from 3 CF donors were 

used in the experiments. Data shown were from five independent experiments 

(n = 5 filters). *, p<0.05, **, p<0.01, and ***, p<0.001 via ANOVA with 

Tukey’s posthoc multiple comparison. 
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Encouraged by the results obtained with the immortal-ized CFBE41o- cells, we next 

tested PGD97 in patient-derived primary cells from multiple CF donors homozygous for 

F508del (CF-HBE). In the presence of a constant con-centration of VX-661 (5 μM), 

PGD97 dose-dependently in-creased the ion channel activity (ISC), with an estimated 

EC50 value of ~10 nM and reaching the maximal activity at ~100 nM concentration (Fig. 

19A). Importantly, at the saturating concentration (100 nM), PGD97 increased the ion 

channel activity by ~2-fold, relative to the VX-661 only control as observed using a 

CFTR specific inhibitor (Fig. 19B). A greater negative change in current upon addition of 

Inh-172 signifies more chloride transport by CFTR. Interestingly, PGD97 also 

demonstrated efficacy as a single agent (in absence of a corrector); treatment of primary 

CF-HBE cells with 100 nM PGD97 alone increased the ion current by ~3-fold, relative to 

the control (no treatment) (Fig. 19C). The magnitude of improvement by 100 nM PGD97 

was comparable to that achieved by 5 µM VX-661. 

 

Conclusion 

 To conclude this section of Chapter 2, we developed, through close collaboration 

with the Pei lab (OSU), a cyclic cell-permeable peptide drug which targets the PDZ-

binding domain of CAL. Inhibiting the CAL-CFTR interaction through targeting this 

domain, we show that stability of F508del CFTR can be improved significantly in a CF 

bronchial cell line and in donor-derived primary bronchial epithelial cells. This 

stabilizing effect has a positive effect on CFTR-mediated chloride transport, which is 
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synergistic with the corrector VX-661. In the future, we aim to test this type of peptide 

drug in combination with the potentiator VX-770, and the next-generation corrector VX-

445. Ideally, this sort of peptide-based strategy design will represent a mutation-agnostic 

therapeutic that will benefit the vast majority of CF patients. 
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Chapter 3: Transcriptomic Analysis of Primary CF Human Bronchial Epithelial 

Cells and the Effects of VX-661 and Ectoine 

 

Introduction 

 Extending upon the data presented in Chapter 2, we aimed to gain a deeper 

understanding of the basic biology of CF and the effects of pharmacological CFTR 

correction, in addition to the novel therapeutic compound ectoine. To do this, we 

employed both transcriptomic and proteomic approaches using donor-derived HBE cells 

as described in Chapter 2. Previous efforts have been undertaken to characterize the CF 

transcriptome utilizing different cell types, including epithelial and immune tissues; with 

many studies identifying an enrichment of genes related to innate immunity and 

inflammation [165]. Proteomic approaches have also been employed to characterize CF, 

including exhaled exosomes [166], brocnhoalveolar lavage fluid [167], and primary 

bronchial epithelial cells [168]; with many dysregulated proteins in these studies being 

related to innate immunity, extracellular matrix remodeling, and mucus homeostasis.  

 Several studies have employed a transcriptomics approach to better understand 

the effects of CFTR modulators. The effects of the potentiator VX-770, which increases 

CFTR function, on the transcriptome of monocytes from patients with one copy of 

R117H-CFTR (a gating mutant) have been investigated. These results show that VX-770 

promotes an increase in innate immune and inflammatory genes (which can be 

understood as a reversal of the immune defect in CF), cell cycle control genes, and 

oxidative phosphorylation [169]. The whole-blood transcriptome of patients receiving a 
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combination of the corrector VX-809 and the potentiator VX-770 has also been assessed 

[170]. In this study, it was found that compared to non-CF controls, the transcriptome of 

CF blood cells reveals an increase in inflammatory and apoptotic genes, with a deficiency 

in genes related to T-cells and natural killer cells. Combination therapy was found to 

promote normalization of cell death genes, and responder status was associated with 

changes in genes related to protein synthesis, oxidative phosphorylation, and IL-17 

signaling [170]. To our knowledge, no studies have investigated the transcriptomic or 

proteomic effects of CFTR modulators in primary HBE cells. Additionally, since ectoine 

exerts its biological effects through indirect biophysical mechanisms and could 

potentially influence multiple cellular process, these approaches are useful in gaining a 

deeper understanding of its effects. 

 

Methods 

Cell culture and transcriptomic analysis were performed as described in Chapter 2 

Proteomic analysis 

 Well differentiated primary CF- and non-CF human bronchial epithelial cells (CF-

HBEs and NHBEs) were treated with the corrector VX-661 (Selleckchem, Houston, TX), 

Ectoine (Sigma-Aldrich, St. Loius, MO), or vehicle. VX-661 was added for 48 hours, and 

ectoine was added for 24 hours. Following treatment, cells were frozen at -80°C and sent 

for lysis and liquid chromatography with tandem mass spectrometry (LC-MS/MS) that 

was performed utilizing The Ohio State University Proteomics Shared Resource. Spectral 

data were normalized using Scaffold® 
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(http://www.proteomesoftware.com/products/scaffold/). Differential protein expression 

was determined using the webtool ProtExA® to perform linear models for mixed 

microarray (LIMMA) analysis [171], and pathway enrichment analysis was performed 

using Reactome® [135]. Three independent F508del-homozygous donors were used for 

each CF condition, and 3 donors homozygous for non-mutant CFTR were used as 

controls. 

 

Results and discussion 

 When comparing the transcriptomes of primary CF-HBE and NHBE (non-CF) 

cells, we identified 29 genes to be significantly up-regulated in CF, while 39 were down-

regulated (Fig. 20). Among the up-regulated gene fraction, several genes closely linked 

to inflammation were noted. These include ANO1, CCL20, CXCL6, and NFAT5 (Fig. 

21A)  

 

Figure 20: Table showing the number of genes and proteins that are 

differentially expressed in CF-HBE cells compared to NHBE cells (first column); 

and the number of genes and proteins that change when treated with either VX-

661 or VX-661 in combination with ectoine compared to vehicle-treated CF-HBE 

controls (right two columns). 

  

 The ANO1 gene encodes the calcium-activated chloride channel Transmembrane 

Protein 16A (TMEM16A). TMEM16A expression is robustly induced following 

stimulation by the type II cytokines IL-4 and IL-13, where it is thought to play an 
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important role in mucin expression and release [11, 172]. TMEM16A has received 

considerable attention in CF. On one hand, small molecule activators of TMEM16A have 

been shown to attenuated production of the inflammatory cytokines IL-6, IL-8, and 

CXCL1/2 [173]. Activation of TMEM16A has also been extensively explored as a means 

of restoring chloride transport in CF [174]. However, there is debate regarding whether 

TMEM16A activation or inhibition would be beneficial in CF [175]. 

 TMEM16A inhibition has been shown to attenuate mucus secretion in an 

ovalbumin-induced guinea pig asthma model [176], and a prodrug of niflumic acid 

(which inhibits TMEM16A) promoted increased survival of CF mice [177]. TMEM16A 

can also promote activation of EGFR and ERK, likely through its effect on intracellular 

calcium signaling [178, 179], which we describe in Chapter 2 to be important regulators 

of CFTR that can also promote pro-inflammatory signaling. TMEM16A plasma 

membrane expression and function were found to be reduced in CF donor-derived airway 

cells and mouse lungs [180], and CFTR and TMEM16A currents have been suggested to 

depend on each other [181, 182]. Regardless, in our study, ANO1 was found to be one of 

the most up-regulated genes in CF, suggesting a native type II inflammatory state in CF 

airway epithelial cells. 

 C-C Motif Chemokine Ligand 20 (CCL20) was also found to be highly up-

regulated in primary CF-HBEs. This chemokine has been shown to be important in the 

recruitment of TH17 cells in several different disorders through its binding to chemokine 

receptor 6 [183-185]. TH17 cells produce IL-17 cytokines, which can stimulate epithelial 

cells to produce IL-8, ultimately resulting in neutrophil recruitment [186]. TH17 cells 



68 

 

have been shown to be increased in the lungs of newly diagnosed CF patients compared 

to non-CF controls [187]. Blood TH17 cell percentage has also been found to be 

negatively associated with lung function in CF, highlighting their importance [188]. 

Interestingly, naïve T-cells from CF patients have shown an increased tendency to 

differentiate toward the TH17 phenotype upon stimulation [189]. High intrinsic CCL20 

production by epithelial cells could conceivably contribute to inflammation in CF in 

concert with CF T-cells’ intrinsic TH17 tendency, and would be an interesting avenue to 

explore in the future. Further supporting the intrinsic pro-inflammatory role of CF airway 

epithelial cells, we detected increased gene expression of Chemokine (C-X-C motif) 

Ligand 6 (CCL6) in CF. The protein-product of this gene, also referred to as granulocyte 

chemotactic protein 2, is a neutrophil recruiter that has previously been found in the 

airways of CF patients [190], further supporting the role of CF airway epithelial cells in 

promoting inflammation. 

 Finally, we detected increased transcription of the gene encoding Nuclear Factor 

of Activated T-Cells 5 (NFAT5) in CF. Often discussed in the context of renal biology, 

NFAT5 is a transcription factor that is induced by hypertonicity, and interestingly, can 

promote TH17 inflammation [191]. The expression of NFAT5 has also been demonstrated 

in airway epithelial cells [192]. Interestingly, in corneal epithelial cells, the CFTR 

activator genistein has been shown to attenuate induction of NFAT5 under hyperosmotic 

conditions; and CFTR inhibition led to increased NFAT5 expression under normal 

conditions [193]. It is conceivable that increased fluid absorption by CF-HBE cells would 

lead to a hyperosmotic airway surface liquid (ASL), however, conflicting results exist 
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regarding the ionic composition of the ASL, and discrepancies likely arise due to 

differences in experimental models [194]. Nevertheless, it is intriguing to consider the 

possibility that a hyperosmotic ASL may cause CF epithelial cells to become pro-

inflammatory through inducing NFAT5. 

 Using Reactome® to perform pathway enrichment analysis among up-regulated 

genes in CF, we noted only five pathways that were significantly enriched (FDR<0.05). 

Four out of these five pathways were related to mitochondrial respiratory electron 

transport, and one was related to cholesterol uptake (Fig. 21B). Mitochondrial 

dysfunction has been reported in CF airway epithelial cells [195], and evidence also 

exists suggesting CF mitochondrial dysfunction is responsible for increased susceptibility 

to colonization of lungs by Pseudomonas aeruginosa [196]. Taken in the context of our 

data, it is conceivable that some genes related to respiratory electron transport may be up-

regulated in response to mitochondrial defects. 

 Among genes down-regulated in CF, we did not detect any statistically significant 

pathways (FDR<.05) that were overrepresented, even though more genes were down-

regulated in CF than up-regulated. Still, the top enriched pathways among down-

regulated genes were pathways linked to mucin synthesis (MUC5AC and B3GNT6), as 

well as pathways linked to the genes KRT16, KRT13, and TUBA1C (Fig. 21C). 

 KRT13 and KRT16 both encode type I cytokeratins, and were mapped to the 

pathway “formation of the cornified envelope.” The cornified envelope is the outermost 

layer of epithelial tissues, and forms as a result of programmed cell death in terminally-

differentiated epithelial cells [197]. Mostly studied in the context of skin biology, the 
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cornified envelope forms a protective physical barrier, which also contains proteins with 

antibacterial and antioxidant functions [198, 199]. Bacterial infection in CF is well-

described to be an important contributing factor to morbidity and mortality. Oxidative 

stress is also thought to contribute to CF airway pathology [200, 201]. Whether the 

cornified envelope plays a similarly protective role in the lung remains to be determined, 

however it is plausible that a defect in this barrier contributes significantly to the 

pathogenesis of CF. 

 Mucins are another core component of the lung’s physical barrier against 

infection, with MUC5AC and MUC5B representing the primary airway mucins [202]. 

Mucus obstruction is a core aspect of CF lung pathology, and evidence suggests that 

mucus accumulation (MUC5AC and MUC5B) precedes infection in CF children [203]. It 

may therefore seem counterintuitive that MUC5AC transcription would be decreased in 

CF airway cells, however it has been shown before that MUC5AC is decreased in nasal 

epithelial cells from CF donors compared to non-CF individuals [204]. We speculate that 

MUC5AC may be decreased to an extent in response to its accumulation. B3GNT6 

encodes the O-glycan synthesis enzyme Core 3 Synthase, and as such is important for 

mucin biosynthesis [205]. The finding that B3GNT6 is decreased at the gene level in CF-

HBE cells supports the hypothesis that there is a tendency to reduce mucus production in 

response to its accumulation. 

 TUBA1C encodes an alpha tubulin chain. Tubulins form microtubules, and 

acetylation of alpha tubulin is specific to ciliary structures [206]. While decreased 

TUBA1C does not necessarily imply a reduced number of ciliated cells, it may potentially 
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suggest it. Acetylation of alpha tubulin has been shown to regulate ciliary beating [207], 

and interestingly, we have shown previously that ciliary beat frequency is reduced in CF-

HBE cells compared to NHBE (non-CF) cells [164]. The pathogenesis of primary ciliary 

dyskinesia, in which airway cilia do not beat properly, is surprisingly similar to CF [208]. 

 A common theme among the above-mentioned down-regulated genes is that they 

are all markers of well-differentiated epithelial cells. KRT13 and KRT16 mark terminally-

differentiated epithelia, MUC5AC marks mucus-producing goblet cells, and TUBA1C, if 

acetylated, marks ciliated cells. In agreement with these findings, there is a considerable 

body of evidence suggesting that CFTR plays a role in development and differentiation 

[209], and other genes we detect as differentially expressed in CF may support this role. 

 An interesting gene in this context is CCND2, encoding the cell cycle control 

protein Cyclin D2. Cyclin D2 promotes progression from the G1 to the S phase of the cell 

cycle [210]. We also detect decreased expression of the long non-coding RNA (lncRNA) 

FLVCR1-AS1 (Feline Leukemia Virus Subgroup C Cellular Receptor 1 – Antisense 1). 

This is interesting, because it has been shown that silencing of FLVCR1-AS1 results in 

decreased CCND2 mRNA [211], however the exact mechanism is not known. Antisense 

oligonucleotides can “sponge” microRNAs, thereby regulating their target genes [212], 

so it is possible that this is a natural regulatory mechanism that is aberrant in CF. Cyclin 

D2 repression has been shown to promote a switch from proliferation to differentiation 

[213]. There is also evidence that “basal-like” airway cells rapidly proliferate in CF 

airways [214]. These proliferating cells also highly express EGFR [214], in agreement 
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with the constitutive ERK activation in CF we discuss in Chapter 2 (ERK is activated by 

EGFR and promotes proliferation). 

 Taken together with our finding that several markers of differentiated cell types 

are decreased in CF, this may seem contradictory to what would be expected to occur as a 

consequence of decreased FLVCR1-AS1 and CCND2. However, this could be taken to 

infer that cell cycle arrest is attempted, but not successful. Cell cycle arrest often occurs 

in response to unrepaired DNA, and can occur at checkpoints between the G1 and S, or 

G2 and M phases. The SFN gene, encoding the protein 14-3-3σ, prevents G2/M 

progression in response to DNA damage [215], and we detect decreased transcription of 

this gene in CF. In Chapter 1, we provide evidence that there is a DNA repair defect 

associated with the F508del mutation. Under normal conditions, it would be expected that 

SFN would be induced in response to DNA damage and promote cell cycle arrest. To 

attempt to reconcile this, we will examine the proteome of CF-HBE cells in comparison 

to NHBE cells. 
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Figure 21: Differentially expressed genes and overrepresented pathways 

in CF-HBE cells. (A) Volcano plot showing genes that were differentially 

expressed in CF-HBE cells compared to NHBE (non-CF) cells. Genes discussed 

in the text are highlighted in red. Tables show the top 10 enirched Reactome® 

pathways among the up-regulated (B) and down-regulated (C) gene fractions. 

FDR: False Discovery Rate 

  

 In CF, we detected a total of 71 differentially expressed proteins. Twenty proteins 

were up-regulated, while 51 were down-regulated Fig. 22A). Interestingly, many of the 

top pathways among the up-regulated protein fraction were linked to the proteasome 

subunits PSMB6 and PSMF1 and histone proteins, including G2/M checkpoints and 

ubiquitination processes (Fig. 22B). This is important to consider, because the SFN gene 

is induced by the tumor suppressor p53 [216]. P53 signals to promote DNA repair, cell 

cycle arrest, and apoptosis in response to various stress events, and is regulated by 
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ubiquitination and proteasomal degradation [217]. Misfolded CFTR is poly-ubiquitinated 

and degraded by the proteasome [218], so it is not surprising that pathways related to 

these proteins are up-regulated in CF-HBE cells. In this case, it would be expected that 

p53-mediated signaling is defective in CF due to its degradation by the proteasome. 

Taken together, and in the context of data discussed in Chapter 1 (DNA damage) and 

Chapter 2 (ERK), it is likely that cell cycle arrest at the G1/S and G2/M checkpoints is 

attempted in CF, but unsuccessful due to degradation of p53. Unfortunately, our LC-

MS/MS approach did not detect p53 in either NHBE cells or CF-HBE cells, possibly due 

to its localization in the nucleus, so future experimental verification will be necessary. 

 P53 deficiency in the airway leads to an abundance of rapidly proliferating basal-

like cells with decreased ciliation [219], not unlike what is seen in CF [214]. Finally, it is 

worth mentioning that a p53 deficiency would be well in-line with the increased risk of 

several types of cancer seen in CF patients [220], however more research needs to be 

done in this regard. 

 Among down-regulated proteins in CF, only two pathways were significantly 

enriched (FDR<.05), despite more proteins being down-regulated than up-regulated (Fig. 

15C). One of these pathways was “cilium assembly,” which being down-regulated, is in 

agreement with what is seen at the mRNA level (Fig. 21A). Proteins associated with this 

pathway were intraflagellar transport (IFT) proteins and the microtubule motor Kinesis 

Family Member 3B (KIF3B) (Fig. 22A). 

 An interesting protein in the down-regulated fraction that should be mentioned is 

the HECT, UBA, and WWE domain containing E3 ubiquitin protein ligase 1 (Huwe1) 
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(Fig. 22A). In Chapter 1, we showed that the DNA double-strand break marker γH2AX 

was increased in F508del-CFTR CFBE cells compared to WT-CFTR CFBE cells in 

response to either H2O2 or camptothecin. Huwe1 has been shown to mono-ubiquitinate 

H2AX, which is important to promote its downstream DNA repair signaling [221]. It 

would be expected that low Huwe1 expression results in γH2AX accumulation in 

response to DNA damage, which is in agreement with data presented in Chapter 1. 

Interestingly, Huwe1 also neddylates DNA-dependent protein kinase catalytic subunit 

(DNA-PKcs) with the NEDD8 ubiquitin-like modifier, which promotes efficient non-

homologous end-joining, a type of DNA double strand break repair [222]. Indeed, our 

proteomics data also show decreased expression of NEDD8 in CF (Fig. 22A), possibly 

offering an explanation for a DNA repair deficiency in CF. Finally, Huwe1 also 

ubiquitinates EGFR to promote its degradation [223], so low Huwe1 expression could 

potentially be in agreement with data discussed in Chapter 2, where we identified 

increased EGFR activation in CF airway epithelial cells. 
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Figure 22: Differentially expressed proteins and enriched pathways in 

CF-HBE cells. (A) Volcano plot showing proteins that were differentially 

expressed in CF-HBEs compared to NHBE (non-CF) cells. Proteins discussed in 

the text are highlighted in red. Tables show Reactome® pathways enriched 

among the up-regulated (B) and down-regulated (C) protein fractions. FDR: False 

Discovery Rate. 

 

Effects of the CFTR corrector VX-661 

 So far, the data have characterized CF-HBE cells as pro-inflammatory, 

proliferative, and deficient in differentiation capacity. Next, it is necessary to understand 

the effects of CFTR correction with the modulator VX-661. 

 Surprisingly, no genes were differentially regulated by VX-661. However, at the 

protein level, we found that VX-661 up-regulated 133 proteins and down-regulated 22 

(Fig. 21A and 23A). This likely means that after 48h of treatment with VX-661, gene 

expression sufficiently returns to its pre-treatment state. 
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 Pathway enrichment analysis of proteins up-regulated by VX-661 identified many 

pathways related to ribosomal subunits, eukaryotic initiation factors, and eukaryotic 

elongation factors; suggesting an increase in protein synthesis (Fig. 23B and 23C). This 

finding is in agreement with a transcriptomic study of CF leukocytes, which showed 

increased protein synthesis pathways in patients who responded to combination therapy 

[170]. This is also in agreement with the finding that overall protein expression is 

increased by VX-661. Synthesis of proteins and organelles such as ribosomes occurs 

during the G1 and G2 phases of the cell cycle, so this could indicate that the theorized 

attempts to halt the cell cycle at these stages mentioned above are successful upon 

correction of CFTR folding, however significant experimental verification would need to 

be done to confirm this. It is worth mentioning that a transcriptomics study of monocytes 

from CF patients with two copies of CFTR encoding gating mutants showed an increase 

in cell cycle control genes following administration of the CFTR potentiator VX-770 

[169]. 

 Many subunits of the proteasome were also found to be up-regulated by VX-661 

(Fig. 23D). At first, this may seem counterintuitive since some proteasomal subunits 

were found to be increased in CF already. This could reflect a restoration of proteostasis 

upon correction of CFTR folding, since misfolded CFTR has been found to accumulate in 

aggresomes [224]. Increased protein degradation would also likely be an expected 

consequence of increased general protein synthesis. Interestingly, Huwe1, mentioned 

above, was increased by treatment with VX-661 (Fig. 23A). 
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 Top-enriched pathways among proteins down-regulated by VX-661 were related 

to surfactant metabolism and innate immune signaling, including the complement system 

(Fig. 23E). Proteins mapped to these pathways included Complement Factor B (CFB), as 

well as the mucins Muc1 and Muc16 (Fig. 23A). The complement system is part of the 

innate immune system, and is responsible for opsonization of foreign particles and 

pathogens [225]. Interestingly, another proteomics study showed complement protein C3 

to be one of the most abundant proteins in CF-HBE cells [168]. The complement protein 

C3a has been shown to positively correlate with FEV1 in CF, while C5a was negatively 

correlated with FEV1 [226]. We suspect that normalization of complement signaling 

would be a consequence of CFTR correction, and likely beneficial to CF patients, 

however this would have to be verified experimentally. 

 

Figure 23: Proteins differentially regulated by VX-661. (A) Volcano plot 

showing proteins that were differentially regulated by VX-661 in CF-HBE cells 
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compared to vehicle-treated controls. (B) Table showing the top 10 Reactome® 

pathways enriched among the up-regulated protein fraction. (C) Heatmap 

indicating relative expression of proteins linked to the Reactome® pathway 

“Translation.” (D) Heatmap showing relative expression of proteasome subunits. 

Each column in the heatmap corresponds to a separate F508del-homozygous 

donor. (E) Table showing the top 10 Reactome® pathways enriched among the 

down-regulated protein fraction. 

 

Effects of VX-661 and Ectoine in Combination 

 Ectoine is a natural osmolyte that we have shown in Chapter 2 to improve CFTR 

stability and function in combination with the corrector VX-661. We also showed that 

ectoine in combination with VX-661 led to reduced expression of several genes and 

pathways related to inflammation from this dataset (Fig. 24A and Chapter 2). In 

addition to the 32 genes down-regulated by VX-661 and ectoine which have been 

described in Chapter 2, combination treatment led to up-regulation of 21 genes (Fig. 

21A and 24A). Pathway enrichment analysis did not reveal any pathways that were 

significantly enriched among this gene fraction (not shown), however, several of these 

up-regulated genes are still worth mentioning. Three of the top five most up-regulated 

genes were target genes of p53, with as of yet undescribed functions (LOC102723655, 

TP53TG3E, and LOC102723713) (Fig. 24A). This would likely suggest increased 

activity of p53. RORB, encoding the Retinoic Acid-Related Orphan Receptor Beta, was 

also among the top five up-regulated genes (Fig. 24A). RORB is mostly expressed in 

nervous tissue, where it plays a role in promoting differentiation, among other functions 

[227]. This could potentially indicate an increase in the number of neuroendocrine cells 

(by due to promoting cellular differentiation) following treatment, although this would 
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require verification. Interestingly, ectoine on its own has been shown to have a pro-

differentiation effect on periodontal ligament mesenchymal stem cells [228]. 

 At the protein level, the effects of VX-661 and ectoine in combination were 

similar to those of VX-661 on its own. We detected 156 differentially expressed proteins 

following treatment with VX-661 and ectoine in combination. 124 proteins were up-

regulated, while 32 were down-regulated (Fig. 21A and 24B). Pathway enrichment 

analysis showed results that were highly similar to what was seen with VX-661 on its 

own, with top enriched pathways among both protein fractions being nearly identical to 

what was seen with VX-661 on its own (Fig. 24C and 24D). Interestingly, Huwe1 was 

the most up-regulated protein by treatment with VX-661 and ectoine, although this was 

not significantly different from the extent to which it was up-regulated by VX-661 on its 

own (Fig. 24B). 

 It is not entirely clear why differences exist at the gene level when comparing the 

effects of the VX-661 – ectoine combination, yet its effects at the protein level are almost 

identical to those of VX-661 on its own. We can speculate that changes on gene 

expression induced by VX-661 probably normalize by 48 hours, preceding changes at the 

protein level which are still detected. Based on data presented in Chapter 2, ectoine 

likely enhances the effects of VX-661, so it is sensible that changes in the transcriptome 

are still seen, while effects on the proteome are similar. 
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Figure 24: Effects of VX-661 and ectoine in combination. (A) Volcano 

plot showing genes that were differentially regulated following treatment of 

F508del-homozygous CF-HBE cells with VX-661 and ectoine together, compared 

to vehicle-treated controls. (B) Volcano plot showing proteins that were 

differentially regulated following treatment of F508del-homozygous CF-HBE 

cells with VX-661 and ectoine together. Genes and proteins discussed in the text 

are highlighted in red. Tables show the top 10 enriched Reactome® pathways 

among the up-regulated (C) and down-regulated (D) protein fractions. 

 

Conclusion 

 To conclude, we present transcriptomic and proteomic analysis of primary CF-

HBE cells that support literature reports of the CF respiratory epithelium as being pro-

inflammatory, hyper-proliferative, and altered differentiation. Differentially expressed 

genes and proteins in CF point to a deficiency in p53 signaling due to disturbed 

proteostasis, that likely results in an inability to exit or arrest the cell cycle to promote 

differentiation or DNA repair, respectively.  However, we must emphasize that this will 
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require further experimental verification. Correction of CFTR with VX-661 seems to 

promote proteostasis, which likely has several downstream benefits. Ectoine, when added 

with VX-661, likely enhances its effects, and also promotes differentiation and dampens 

inflammation, as discussed in Chapter 2. 
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Conclusions and Future Directions 

 In this dissertation, we discussed CFTR expression and stability in the context of 

inflammatory lung diseases, namely, cystic fibrosis (CF) and chronic obstructive 

pulmonary disease (COPD). In Chapter 1, we hypothesized that reduced CFTR 

expression would increase the susceptibility to emphysema. This is due to the significant 

phenotypic overlap between the diseases CF and COPD, as well as findings that cigarette 

smoke negatively regulates CFTR, as discussed earlier. We first showed that mice 

lacking CFTR develop emphysema in response to natural aging. We also showed that in 

response to cigarette smoke, CFTR-haploinsufficient mice develop emphysema, as do 

mice knocked out for CFTR. Taking our findings into consideration in the context of a 

large body of evidence in the literature which suggests DNA damage may be a driving 

factor we next hypothesized that CFTR deficiency may lead to DNA damage 

accumulation.  

 In Section 2 of chapter 1, we addressed this hypothesis using a model human CF 

bronchial epithelial cell line which overexpresses either wild-type or F508del-CFTR. 

Data presented in this section suggest that the F508del mutation leads to a DNA repair 

deficiency, however this will need to be further investigated in more detail in the future. 

Such a deficiency would however, have important consequences. First, it could 

potentially explain the data presented in Section 1 of Chapter 1. From a translational 

standpoint, this could potentially implicate therapies which involve restoring CFTR 

function as viable options to reduce the burden of emphysema. Additionally, many other 

diseases are associated with DNA damage. Cancer is an example that quickly comes to 
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mind. On one hand, CF patients are at a notably increased risk of cancer compared to the 

general population [220]. Less described is the disease burden associated with CF 

carriership. We showed in Chapter 1 that CFTR-haploinsufficient mice were more 

susceptible to emphysema following exposure to cigarette smoke. In the human 

population recent studies have shown that CF carriers are in fact at an increased risk of 

many diseases, including several which affect the lung, as well as cancers of the gastro-

intestinal tract [229]. Of course, it is unlikely that all of these could simply be explained 

by a DNA repair deficiency. However, we believe uncovering more mechanistically, a 

role for CFTR dysfunction in DNA repair deficiency would be highly worthwhile. On the 

other hand, it also must be considered that our findings may implicate CFTR inhibition as 

a strategy to sensitize cancer cells to therapeutics that work by damaging DNA, such as 

chemotherapeutics (for example, camptothecin) or radiation-based approaches.  

 In Chapter 2, attention was shifted to restoring CFTR stability in the context of 

CF. We identified a novel signaling axis that regulates CFTR stability (AREG-EGFR-

ERK), and developed the natural osmolyte ectoine as a potential therapeutic to target this 

signaling axis. Indeed, we demonstrated that ectoine could improve CFTR stability and 

function, and also had anti-inflammatory effects that we suspect would be beneficial for 

CF patients. In the future, it will be necessary to determine how ectoine, or other 

therapeutic strategies that target the AREG-EGFR-ERK, axis will interact with other 

CFTR therapeutics. Namely, the CFTR potentiator VX-770, and the next generation 

corrector VX-445. Another future avenue to investigate in the regard would be the 

regulation of less common CFTR mutations. While potentiator and corrector drug 
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combinations are highly promising for a majority of CF patients (since F508del is the 

most common mutation), factors which regulate other CFTR mutants are less explored. 

Stability is known to be impaired in several different CFTR mutations (as shown in Fig. 

1), and understanding factors which regulate stability of these mutants would be highly 

desirable. The anti-inflammatory effects of ectoine we see are likely not specific to 

F508del CFTR, or even CF for that matter. Ectoine could potentially represent a 

mutation-agnostic anti-inflammatory strategy for CF, and this should be investigated in 

the future. We also showed that a cell-permeable peptide that targets CAL-CFTR 

interaction can improve CFTR stability, and therefore function. 

 In Chapter 3, we aimed to better understand the basic biology of CF, as well as 

the effects of VX-661 and ectoine. To do this, we conducted both transcriptomic and 

proteomic studies of primary human bronchial epithelial cells. Much of these data are 

supportive of findings in Chapter 1 and Chapter 2. Broadly, these data support CF 

bronchial epithelial cells as being pro-inflammatory and deficient in their ability to 

differentiate. Mechanistically, these data also point to an inability of CF cells to exit the 

cell cycle and stop proliferating, which is in agreement with a differentiation deficiency. 

This is also in agreement with findings in Chapter 2 that show increased ERK activation 

in CF, since ERK is well-described to promote proliferation. More speculatively, some of 

the data generated suggest that p53 deficiency may be playing a role, however we must 

stress that this would require experimental validation, and would be an interesting future 

direction for CF research. This would also be supportive of data presented in both 

sections of Chapter 1, since p53 can signal to promote DNA repair, and p53 knockout 
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has also been shown to exacerbate elastase-induced emphysema in mice [230]. This 

could be an interesting avenue to explore in the future, as p53 in CF is largely 

unexplored. 

 These data also showed that CFTR correction had a mostly-normalizing effect on 

proteostasis, as evidenced by increased expression of many proteins involved in 

translations, as well as many subunits of the proteasome. Several anti-inflammatory 

pathways were shown to be down-regulated with CFTR correction by VX-661. With 

ectoine, several inflammatory genes were down-regulated, as shown in Chapter 2. This 

is also in agreement with ELISA data in that chapter. Ectoine, in combination with VX-

661, also increased transcription of several gene targets of p53 which as of yet, do not 

have described functions. This is somewhat supportive of aberrant p53 activity in CF that 

can be rescued by correcting CFTR, however much more experimental validation is 

required to make such a claim. In addition, these genes may potentially play important 

roles in the biology of CF, and we believe characterizing their function in the future may 

be beneficial. 

 While the three chapters presented in this dissertation may have different focuses, 

they can be tied together, and suggest CFTR as an important regulator of lung 

homeostasis through regulating many core biological processes.
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