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Abstract 
Determining the effects of hyperglycemia on WT and CF  

bronchial epithelial barrier function 

By Analia J. Vazquez Cegla 

 

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the cystic 

fibrosis transmembrane conductance regulator (CFTR) gene. Dysfunction of the CFTR protein, 

which primarily functions as anion channel, leads to multiorgan disease. However, the leading 

cause of CF mortality is respiratory failure. CFTR dysfunction in the lungs leads to inflammation, 

bacterial infections, as well as neutrophil recruitment and activation of neutrophils in the airways. 

All these factors lead to progressive lung tissue damage in CF. Highly effective modulator 

therapies (HEMTs) have drastically improved the life quality and increased the life expectancy of 

people with CF (pwCF) who are able to take them. As a result, CF co-morbidities might soon 

become the life-limiting factor for pwCF. The most common CF co-morbidity is cystic fibrosis 

related-diabetes (CFRD), affecting around half of pwCF by adulthood. CFRD is a devastating co-

morbidity since it leads to more frequent pulmonary exacerbations and accelerates the rate of lung 

function decline. Despite the negative impact on patient health, the mechanisms driving CFRD 

pathophysiology are unknown. It is also unclear whether current HEMTs will have an impact on 

CFRD onset and disease progression. We hypothesize that hyperglycemia in the context of CF 

induces severe alterations in airway epithelial monolayers that prevent the formation of proper 

tight junctions (TJs) between cells. To investigate this hypothesis, we took several distinct yet 

complementary approaches. We studied the physiological changes experienced by 16HBE cells 

expressing either wildtype (WT) or ΔF508 CFTR (CF) in response to hyperglycemia. Further, we 

developed a programmable automated cell culture system (PACCS) capable of mimicking blood 

glucose fluctuations experienced by CFRD patients to better study CFRD in vitro. We also tested 

the effects of chronic hyperglycemia in a Scnn1b-Tg murine model, an in vivo model that develops 

similar lung pathology as seen in CF. Finally, we created a novel in vitro model to study the 

mechanisms driving neutrophil transmigration across airway epithelial monolayers. Using 16HBE 

cells, gene expression analyses identified claudin-4 (CLDN4) as a key tight junction protein 

dysregulated in CF cells in response to hyperglycemia. Further investigation into CLDN4 protein 

localization using a novel confocal microscopy technique revealed increased CLDN4 abundance 

at TJs in CF cells, which was further increased under hyperglycemic conditions. Treatment with 

HEMT reversed this trend, normalizing CLDN4 expression levels at TJs in CF cells toward WT 

levels. Bulk RNA sequencing showed differing transcriptional responses to hyperglycemia 

between WT and CF cells, thereby highlighting a few promising targets for further investigation. 

Culturing immortalized and primary airway epithelial cell monolayers using PACCS showed that 

our system could be successfully used to culture airway epithelial cells with meal-like glucose 

fluctuations, better mimicking CFRD-like conditions. Our studies using Scnn1b-Tg mice showed 

that chronic hyperglycemia aggravated the lung pathology of this mouse model, mimicking lung 

pathology seen in pwCF. Our novel in vitro assay to study neutrophil transmigration across 

epithelial monolayers showed that transmigrated PMNs differ from naïve PMNs, and that they are 

differentially impacted by the cell monolayer they transmigrate through. Further, pretreatment of 

the epithelial monolayers with high glucose media impacted PMN transmigration, with lower 

PMN transmigration efficiency in CF 16HBE cells. Overall, our research aims to identify 

mechanisms driving CFRD pathophysiology with the goal of informing the development of future 

therapeutics to prevent its deleterious effects.   
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1. Chapter 1 – Introduction 
 

1.1. Cystic Fibrosis: an overview 

Cystic Fibrosis (CF) is an autosomal recessive disease caused by mutations in the Cystic 

Fibrosis Transmembrane Conductance Regulator (CFTR) gene located in chromosome 7 of the 

human genome1. It affects close to 40,000 people in the United States and around 105,000 people 

worldwide2. CF is the most common genetic disease affecting people of European descent, but it 

can affect people of any racial or ethnic group3. CF is a multiorgan disease. However, its leading 

cause of mortality is respiratory failure4.  

The CFTR gene encodes a transmembrane protein that is responsible for the movement of 

chloride ions (Cl-) ions and bicarbonate, typically from inside to outside of cells5. Proper CFTR 

function maintains water homeostasis at the surface of tissues throughout the body, which is 

particularly important for the health of the lungs (Figure 1.1a). Airway epithelial cells are covered 

by a thin mucus layer, which catches inhaled pathogens and potentially harmful debris for 

clearance out of the lungs. In healthy airways, the mucus layer is well hydrated and thin. Hair-like 

structures called cilia also line the airways, and their rhythmic beating helps move thin mucus out 

of the lungs6. However, mucus clearance from the lungs is impaired in CF due to dysfunctional 

CFTR (Figure 1.1b). Since Cl- ion movement is impaired in CF, the mucus becomes dehydrated 

and viscous, making it difficult for cilia to clear it out of the lungs7. As a result, mucus accumulates 

and causes obstructions in the CF airways. This creates a beneficial environment for bacteria to 

colonize the lungs8. Periods of bacterial overgrowth and worsened pulmonary symptoms are called 

pulmonary exacerbations. Recurrent bacterial infections lead to inflammation and lung tissue 

damage9. This vicious cycle of infection, inflammation, and tissue damage progressively leads to 

lung function decline and eventually respiratory failure. 
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Figure 1.1. Proper CFTR function is essential to maintain a healthy lung.  

a) Lungs are covered by a thin mucus layer, which traps pathogens and other harmful substances 

for clearance out of the lung. CFTR allows for the movement of chloride ions to the airway 

epithelial surfaces, which maintains the airways hydrated, keeping the mucus thin and easy to 

clear. b) In the CF airways, the mucus lining the airways is thick and difficult to clear due to CFTR 

dysfunction. Mucus plugs create an optimal environment for bacterial infections to take place. The 

CF airway is characterized by the vicious cycle between infection, obstruction, inflammation, and 

tissue damage (Created with BioRender).  
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1.1.1. Discovery of the disease and the CFTR gene  

CF was first described by Dr. Dorothy Anderson in 1938, a brilliant pathologist who was 

investigating the mysterious cause of death of children who had failure to thrive. Dr. Anderson 

found large cysts and fibrosis in the pancreas of the autopsied patients10. Thus, she concluded that 

the pancreas was the primary organ affected and named the condition “cystic fibrosis of the 

pancreas.” She also proposed that the disease was caused by a recessive mutation11. Dr. Anderson’s 

work was groundbreaking as it identified CF as a separate disease, and it laid the foundation for 

future investigations. Over the following decades, significant advances were made to elucidate the 

genetic basis of the condition.  

The CFTR gene was discovered in 1989 as a result of a collaboration between multiple 

research teams. The gene responsible for CF was mapped to the long arm of chromosome 7 with 

the use of positional cloning12,13. Through further research, scientists were able to isolate the CFTR 

gene, consisting of 189,000 base pairs and containing 27 exons13. Researchers were also able 

characterize the primary mutation responsible for CF disease, mutation ΔF508, found in around 

88% of U.S. CF patients nowadays. This mutation leads to a phenylalanine deletion at position 

508 of the CFTR protein sequence, causing the protein to misfold and be targeted for degradation 

before being trafficked to the plasma membrane. Currently, there are more than 2,500 CFTR 

mutations identified worldwide14.  

While the exact origin of CFTR mutations are unknown, there are hypotheses that state 

that bearing CFTR mutations could have been evolutionarily beneficial in ancient times to survive 

periods of crisis, such as the bubonic plaque 15,16. More research is needed to identify the origins 

and potential evolutionary advantages of carrying CFTR mutations14.   
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1.1.2. CFTR protein structure and function 

The CFTR protein is a member of ATP-Binding Cassette (ABC) transporter superfamily 

and is also known as ABCC717. Most ABC transporters use ATP binding and hydrolysis to actively 

transport substrates across the cell membrane, even against the concentration gradient in some 

cases. However, CFTR does not function as a regular ABC transporter18. Instead, CFTR is the only 

ABC transporter that works as an ion channel. CFTR allows the movement of chloride and 

bicarbonate across the membrane following their respective concentration gradients.  

The CFTR gene is transcribed in the nucleus, translated in the Endoplasmic Reticulum 

(ER), and the protein is fully glycosylated in the Golgi before being trafficked to the outer cell 

membrane. The mature fully processed CFTR protein is 170-180 KDa, known as band C19,20. In 

terms of protein structure, the CFTR protein has two transmembrane domains (TMDs), each 

comprised of six transmembrane helices, two nucleotide binding domains (NDBs) and a regulatory 

domain (R-domain)21. A graphical representation is shown in Figure 1.2. For the channel to open, 

there are a series of steps that need to happen concurrently. The R-domain needs to be 

phosphorylated, primarily by cAMP-dependent protein kinase (PKA), and the NBDs need to bind 

ATP to dimerize. The channel closes when ATP is hydrolyzed, and the NBDs dissociate.  

1.1.3. CFTR variants 

CFTR mutations or variants are common worldwide. It is estimated that there are almost 

10 million CF carriers in the United States alone22. As previously mentioned, the most common 

CFTR variant is ∆F508 found in ~80% of CF patients. However, there are more than 2,500 variants 

identified in the CFTR gene14. Generally, mutations producing lower amounts of functional CFTR 

protein are associated with increased disease severity23. Variants can be broadly classified into five 

classes, briefly described in Table 1.1.  
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Figure 1.2. Graphical representation of the CFTR protein structure at the cell membrane. 

The cartoon shows two transmembrane domains, each comprised of six transmembrane helices, 

two nucleotide-binding domains (NDBs) and a regulatory domain (R-domain). The location of the 

most common CFTR mutation, ΔF508, is highlighted at NBD1 (Created with BioRender).  
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Table 1.1. CFTR variant class description with examples, incidence, and disease severity 

information24,25. 

Class Description Examples Incidence Disease Severity 

Class I 
Impaired protein 

production 

G552X 

W1282X 

R553X 

22% 

More severe 
Class II 

Impaired protein 

processing 

ΔF508 

N1303K 

I507del 

88% 

Class III 
Faulty protein 

gating 

G551D 

S549N 
6% 

Class IV 
Faulty protein 

conductance 

D1152H 

R347P 

R117H 

6% 

Less severe 

 

Class V 
Insufficient 

protein production 

3849+10kbC→T 

2789+5G→A 

A455E 

5% 
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CFTR variants are classified based on their effects on CFTR protein abundance or function, 

with variants leading to more severe disease receiving a lower class number24,25. Class I variants 

lead to no CFTR protein production. The most common variants in this class are nonsense 

mutations26. These mutations introduce a premature stop codon in the gene’s sequence, leading to 

dysfunctional or truncated protein that is quickly targeted for degradation. Class II variants lead to 

some protein production, but the protein cannot be properly folded. The most common variant in 

this class is ΔF508, and it affects the large majority of CF patients27. Misfolded protein is degraded 

before reaching the cell surface. Class III variants lead to defects in CFTR protein gating. CFTR 

protein is trafficked to the cell surface, but it does not open to allow for movement of ions. The 

most common mutation found in this class is G551D28. Class IV variants lead to CFTR protein 

with faulty conductance at the cell surface. CFTR protein is produced and trafficked to the 

membrane, but it does not open and close properly. This interferes with appropriate ion movement. 

An example of a mutation in this class is R117H29. Class V variants lead to decreased amounts of 

CFTR protein at the cell surface. CFTR protein is produced and trafficked to the cell surface at 

insufficient amounts. However, CFTR protein that does reach the membrane is functional. An 

example of a mutation in this class is 3849+10kbC→T.  

1.2. CF pathology 

1.2.1. Organs affected by CF 

Even though the effects of CF are usually associated with the lungs, CF affects multiple 

organ systems throughout the body. Some examples include the liver, pancreas, intestines, sweat 

glands, and the reproductive tract30. A graphical representation of organs affected by CF is shown 

in Figure 1.3.  
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Figure 1.3. CF is a multi-organ disease.  

Organs affected include the liver, pancreas, intestines, reproductive tracts, lungs, sinuses, and 

sweat glands. The mental health of patients with CF is also affected. The effects of CF throughout 

the body are highlighted in this figure (Created with BioRender).  
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The effects of CF on the human body are extensive, most of which are caused by blockage 

of proper organ function by thick secretions. Blocked bile ducts in the liver can cause liver disease 

(CFLD), which can result in cirrhosis and portal hypertension31. Blocked ducts in the pancreas can 

prevent digestive enzymes from reaching the intestines. This interferes with proper absorption of 

nutrients and can lead to malnutrition. Further, blocked pancreatic ducts can lead to tissue damage 

in the pancreas. When the exocrine function of the pancreas is compromised by CF, patients are 

considered pancreatic insufficient and need to take exogenous enzymes with every meal in order 

to digest food. Impaired exocrine pancreatic function can also interfere with its endocrine function. 

Thus, the majority of patients that are pancreatic insufficient also become insulin insufficient and 

develop Cystic Fibrosis-Related Diabetes (CFRD) later in life32. Insulin resistance is another 

hallmark of CF, but the potential causes are unknown. Blockages in the intestines are also common 

in CF. CFTR dysfunction leads to decreased bicarbonate secretion, which increases acidity and 

dehydration causing epithelial damage and intestinal obstruction33. Intestinal obstructions can also 

happen before birth, a condition called meconium ileus, which is usually one of the first indicators 

that a child might have CF. High chloride in sweat is another indication that a child might have 

CF. When a child fails newborn screening, sweat chloride tests are conducted as part of the 

diagnosis34. Blocked sinus passages can lead to infections and polyp formation30. Blocked airways 

can lead to lung infections, inflammation and tissue damage4. In males, the reproductive tract can 

also be affected by CF. Most males (~98%) are born with congenital bilateral absence of the vas 

deferens (CBAVD), which leads to infertility35,36. It is also important to mention that mental health 

is additionally affected by CF. The burden of the disease can lead to anxiety and depression37, a 

topic that is gaining more attention in the field.   
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1.2.2. CF and respiratory bacterial pathogens 

The airway of CF patients is colonized by bacterial pathogens from an early age. 

Staphylococcus aureus (SA) is the most common bacterial pathogen isolated from pediatric 

patients, a Gram-positive microbe ubiquitously found in our environment38. The skin and sinuses 

of healthy individuals are also colonized by SA; however, this pathogen bears little to no burden 

on healthy individuals. Due to impaired pathogen clearance, SA can cause pulmonary 

exacerbations and lung tissue damage in CF patients. As patients age, the population of SA is 

outcompeted by another opportunistic pathogen, Pseudomonas aeruginosa (PAO1)39 (Figure 1.4).  

PAO1 is a Gram-negative bacteria also ubiquitously found in our environments, posing 

little to no threat to healthy individuals. However, this pathogen can form biofilms and establish a 

pattern of chronic infections in the CF lung, which makes this pathogen almost impossible to 

eradicate38. As a result, PAO1 is the most common bacteria found in adult sputum cultures. 

Pulmonary exacerbations caused by PAO1 cause more severe reductions in pulmonary function, 

and PAO1 is the dominant pathogen found in end-stage CF lung disease40.  

Exacerbations caused by either SA or PAO1 can be treated with systemic antibiotic 

administration. However, repeated antibiotic treatment can lead to antibiotic resistance, a rising 

challenge in CF care41. Other pathogens such as Burkholderia cepacia and nontuberculous 

mycobacteria (NTM) also play a role in CF pulmonary exacerbations. These non-traditional 

pathogens are often associated with a faster rate of lung function decline38. However, they are 

found with less frequency in both pediatric and adult populations. 
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Figure 1.4. Prevalence of respiratory microorganisms in the CF airways by patients’ age.  

Data from the CF foundation’s patient registry annual report, 202242. The graph highlights SA as 

the prevalent CF pathogen in pediatric patients, which is outcompeted by PAO1 in the adult 

population.  
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1.2.3. CF and the immune system 

Even though CF is not a disease of the immune system, evidence shows that immune 

responses are dysregulated in CF-affected tissues43. Persistent bacterial infections lead to an 

overactive and constant state of immune cell activation in the lungs, which leads to inflammation 

and worsened pulmonary disease. When a pathogen enters the airways, it is first encountered by 

resident macrophages which are ineffective at killing the pathogen. Instead, they release pro-

inflammatory cytokines, such as IL-1β and IL-8, signaling the recruitment of monocyte-derived 

macrophages and neutrophils from peripheral blood to the airways to clear the pathogen44. 

Monocyte-derived macrophages can polarize into a pro-inflammatory (M1) or anti-inflammatory 

(M2) phenotype. The ratio of M1/M2 macrophages is altered in patients with CF, with 

macrophages favoring the M1 phenotype45. However, M1 macrophages are still able to 

phagocytose and kill pathogens. Aberrant macrophage function in CF may go beyond the canonical 

M1/M2 phenotypic designations. Even though macrophages play an important role in CF airway 

disease, neutrophils are the most prominent immune cell type in the CF airways. 

The lungs of CF patients are overloaded with neutrophilic infiltration. However, similarly 

to macrophages, neutrophils are ineffective at killing airway pathogens46. Instead, neutrophils get 

overactivated and release harmful substances into the airways, such as neutrophil elastase and 

reactive oxygen species. This harmful phenotype is called “GRIM”, which stands for granule 

releasing, immunomodulatory, and metabolically active47. GRIM neutrophils increase oxidative 

stress in the airways, enhancing inflammation and tissue damage. GRIM neutrophils can also 

suppress other immune cells in the airways48. The underlying causes of macrophage and neutrophil 

dysfunction are unknown. Immunoregulatory agents, such as inhibitors of neutrophil elastase or 

neutrophil exocytosis, might be beneficial for the treatment of CF patients49.    
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Figure 1.5. Graphical representation of how myeloid immune cells are affected in CF.  

Resident macrophages in the lung have decreased phagocytosis ability, impaired bacterial killing 

and increased release of cytokines. Recruited neutrophils to the airway have impaired bacterial 

killing ability, are overactivated and display a GRIM phenotype (Created with BioRender).  
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1.2.4. CF and metabolism 

The overall energy expenditure of CF patients is much higher than that of healthy 

individuals due to a series of factors. Persistent lung infections, chronic inflammation, an 

overactive immune system and a state of constant tissue repair increase the basal metabolic rate 

(BMR) of CF patients50. Digestion and absorption of nutrients is also compromised in CF, making 

dietary interventions necessary for CF patients to thrive. High-caloric diets, pancreatic enzyme 

replacement therapy, and supplementation with vitamins and minerals are commonly used to treat 

patients with CF51. 

The metabolism of fatty acids, cholesterol, and sphingolipids is also impaired in CF. 

However, the mechanism is not well understood. It is believed to be related to ceramide imbalance, 

increased inflammation and, oxidative stress52. Interestingly, the metabolism of phospholipids and 

fatty acids is closely related to glutathione (GSH), a ubiquitous thiol that acts as a scavenger for 

free radicals to prevent redox imbalance. GSH gets oxidized to glutathione disulfide (GSSG) in a 

NADPH-dependent manner to neutralize free radicals. CF patients have low levels of GSH in the 

airways and in blood53,54. Phospholipid metabolism is related to thiol metabolism through the 

methionine-homocysteine cycle, in which choline plays an essential role by providing methyl 

groups for the production of methionine and amino acid precursors for the synthesis of GSH and 

phosphatidylcholine (PC) enriched in docosahexaenoic acid (DHA)55. Choline, PC and DHA are 

also decreased in CF, and they are recommended to be taken as supplements to support patient’s 

health56. Overall, metabolism in CF is compromised by a series of factors, such as inflammation 

and redox imbalance, affecting the quality of life of CF patients.  
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1.3. CF therapies 

Managing CF exerts a heavy burden on patients and their families57. Treatment options are 

both expensive and time consuming. Most patients require hours of chest physical therapy and 

multiple daily medications to manage their disease25. A large majority of CF therapies focus on 

mucus clearance from the lungs, as well as prevention and treatment of airway infections. When 

pulmonary exacerbations take place, patients are usually hospitalized for multiple days or weeks 

to receive IV antibiotics. Repeated rounds of antibiotic treatment can cause bacteria to develop 

antibiotic resistance59,60. Other medications used to manage CF focus on decreasing inflammation 

and aiding with nutrient absorption. Patients with pancreatic insufficiency need to take enzymes 

with every meal in order to digest food. Patients are also recommended to follow a high-caloric 

diet, including vitamin and mineral supplementation to aid with weight gain. A summary of 

therapies used to treat clinical manifestations of CF is shown on Table 1.2. Recently, the use of 

highly effective CFTR modulator therapies (HEMT) has revolutionized CF care. These pills are 

usually taken twice a day, and they can partially restore CFTR protein function61. However, not 

every CF patient is legible to take HEMTs based on their genotype or adverse effects.  

1.3.1. Airway clearance 

Airway clearance is an integral part of the CF care regimen. It relies on a combination of 

chest physical therapy and inhaled medications to clear mucus from the lungs. During physical 

chest therapy, patients usually wear an oscillation vest that creates mechanical stimuli to loosen up 

the mucus62. Common inhaled therapies include hypertonic saline and dornase alfa, the first 

hydrates the airways and the second enzymatically digests DNA to decrease the viscosity of 

mucus63,64.  
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Table 1.2. Common treatment approaches for CF clinical manifestations 

CF Clinical 

Manifestations 
Common Treatment Approaches 

Pulmonary 

Airway clearance 

Chronic inhaled pulmonary medications 

3.1. Examples: Hypertonic saline and dornase alpha 

Bronchodilators to open the airways 

Inhaled corticosteroids 

Inhaled antibiotics 

Close monitoring with a pulmonologist with expertise in the field 

Lung transplant for patients with advanced lung disease 

Infections Oral, inhaled or IV antibiotics 

Exocrine 

pancreatic 

insufficiency 

Pancreatic enzyme replacement 

High-calorie diet 

Vitamin and mineral supplementation 

Close monitoring with a nutritionist with expertise in the field 

Intestinal 

complications 
Surgical interventions to release obstructions 

Liver disease 

Ursodiol can be used if liver function test results are elevated 

Close monitoring with a hepatologist with expertise in the field 

May need a liver transplant 

Diabetes (CFRD) 

Insulin replacement therapy 

Continuous glucose monitoring (CGM) 

Close monitoring with an endocrinologist with expertise in the 

field 

Infertility 

Family planning counseling 

In-vitro fertilization with intracytoplasmic sperm injection, 

required for males with absence of the vas deferens 

Intrauterine insemination for females with CF 

Mental Health Counseling 
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1.3.2. Highly effective modulator therapies 

Until recently, most available CF therapies only addressed the symptoms of the disease but 

not its underlying cause. That changed when HEMTs were first approved by the Food and Drug 

Administration (FDA) in 2012. The fist HEMT approved was VX770, also referred to as Ivacaftor 

(commercial name in the U.S. Kalydeco®), and it functions as a CFTR potentiator by stabilizing 

its open state65,66. However, this compound by itself was not effective at treating the most common 

CFTR mutation, ΔF508. In 2015, VX809 was approved to be used in combination with VX770 for 

the treatment of patients with two copies of the ΔF508 mutation (commercial name in the U.S. 

Orkambi®). The VX809 compound is also referred to as Lumacaftor, and it works as a CFTR 

corrector by stabilizing misfolded protein so it can be properly trafficked to the cell membrane67. 

However, further research showed that chronic treatment with VX770/VX809 was not effective as 

VX770 decreased VX809’s corrector effects68. In 2018, VX809 was replaced by VX661 due to 

negative interactions between VX809 and VX770. VX661, Tezacaftor, also works as a CFTR 

corrector69. The new VX770/VX661 combination therapy received the commercial name 

Symdeko® in the U.S. However, this combination therapy had similar negative adverse effects. In 

2019, a triple combination therapy containing VX445/VX661/VX770 was approved. The new 

compound VX445, Elexacaftor, also works as a corrector. However, it works synergistically with 

VX661 and its corrector effects are not negatively influence by chronic treatment with VX77070,71. 

This therapy containing Elexacaftor/Tezacaftor/Ivacaftor (ETI) has the commercial name Trikafta® 

in the U.S., and it is currently used for the treatment of patients with at least one copy of ΔF508. 

Elexacaftor and Tezacaftor both bind to the bind to the transmembrane domain (TMD) of CFTR, 

and they work synergistically to stabilize misfolded CFTR protein, aiding with protein folding and 

trafficking to the cell membrane72. Ivacaftor binds to the nucleotide binding domain 2 (NBD2) of 
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CFTR, and it stabilizes the open conformation of the CFTR channel, helping it stay open for longer 

and increase chloride flux outside the cell66. Overall, ETI has drastically improved the quality of 

life and life expectancy of patients who are able to take it. Research is being conducted to develop 

a new generation of correctors and potentiators that reduces the negative side effects associated 

with ETI therapy and are able to also target rare CFTR mutations. 

1.3.3. New CF therapies under development 

Potential avenues for new therapies are broad and have the potential to benefit all patients 

with CF regardless of their CFTR mutation73. Gene therapy aims to deliver functional copies of 

CFTR mRNA to target tissue, such as to lung cells through encapsulation in nanoparticle 

formulations and nebulization, so that functional CFTR protein is produced in the target tissue74,75. 

However, penetration of nebulized particles and delivery to the right cell types remain two of the 

main challenges for gene therapy76,77. Gene editing approaches focus on correcting point mutations 

in the CFTR gene or delivering functional copies of CFTR DNA alongside gene editing tools, such 

as CRISPR/Cas9, to edit out defective CFTR DNA replacing it with functional copies of this 

gene78. Encapsulation and delivery of all these necessary components are challenges that remain 

to be addressed. Additionally, off-target insertions and deletions are additional concerns when 

considering gene editing therapies.  

Personalized therapies for specific mutations are also being investigated. For example, 

read-through agents for non-sense mutations could benefit patients with premature stop codon 

mutations, allowing for full-CFTR protein to be produced. Other therapies being developed are 

improved mucolytic and anti-inflammatory agents. Even though these therapies do not aim to 

correct the underlying defects in CFTR, they could still be therapeutically beneficial for CF 

patients.  
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1.4. Cystic Fibrosis Related Diabetes: the main CF co-morbidity 

Even though modulator therapies are expected to increase the life expectancy of CF 

patients, evidence thus far suggests that they may not prevent the development of CF co-

morbidities such as cystic fibrosis related diabetes (CFRD)79. Studies investigating the effects of 

modulator therapies on development of CFRD show limited benefit, particularly in adults with 

established disease. Some studies claim that patients depend less upon insulin administration, 

although CFRD patients can rarely stop their insulin therapy80–82. Continuous glucose monitoring 

data showed that adults with CFRD had higher than 250 mg/dL blood glucose 4.6% of time before 

ETI, compared to 4.9% after ETI83. This evidence shows that modulators alone may not provide 

effective glucose control in CFRD. 

1.4.1. What is CFRD? 

CFRD is the main comorbidity linked to CF, since about half the patients develop this 

condition by adulthood (Figure 1.6). Patients diagnosed with CFRD are usually insulin-dependent 

and develop severe CF lung disease more quickly than CF patients with normal glycemic control84. 

The link between CFRD and accelerated pulmonary function decline is still unknown. Diabetic 

patients without CF do not experience recurrent lung infections, which suggests that their airways 

can adapt to hyperglycemia85–87. In healthy individuals, the level of glucose in the airway surface 

liquid (ASL) is proportional to the glucose levels in the serum88. In contrast, early evidence shows 

that ASL glucose concentration is elevated in CF patients, and it is even further elevated in patients 

with CFRD89. We confirmed elevated ASL glucose using a diabetic Scnn1b-Tg mouse model, 

described in Chapter 4. CFRD patients experience approximately a six-fold higher rate of lung 

function decline compared to their non-diabetic CF counterparts90. The mechanisms that lead to 

elevated levels of glucose in the CF airways are unknown.  
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1.4.2. How is CFRD different from type 1 and type 2 diabetes?  

CFRD shares some similarities with type 1 and type 2 diabetes (Table 1.3). Patients with 

CFRD experience insulin resistance, similar to type 1 diabetes patients. Further, patients with 

CFRD experience insulin insufficiency, similar to type 2 diabetes patients. However, the leading 

cause of mortality for CFRD patients is respiratory failure, not heart attack or stroke91. 
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Figure 1.6. CFRD incidence.  

Data from the CF foundation’s patient registry annual report, 202242. On the left, the plot shows 

the number of individuals with CFRD (blue) compared to the entire CF population (gray). On the 

right, the plot shows percentage of individuals with CFRD based on age.  

  



22 

Table 1.3. Commonalities and differences between type 1 diabetes, type 2 diabetes, and 

CFRD. 

 Type 1 diabetes Type 2 diabetes CFRD 

Onset Acute Insidious Insidious 

Common age of 

onset 

Childhood and 

adolescence 
Adulthood 

Adolescence and 

early adulthood 

Autoimmunity Yes No No 

Insulin secretion Low to none Low Low 

Insulin resistance Moderate Severe Moderate 

Treatment Insulin 

Insulin, dietary 

changes, drugs 

available 

Insulin 

Ketoacidosis Yes Rare Rare 

Diet Normal Calorie restricted High calorie 

Macrovascular 

complications 
Yes Yes No 

Microvascular 

complications 
Yes Yes Yes 

Cause of death 

Nephropathy and 

cardiovascular 

disease 

Cardiovascular 

disease 
Pulmonary disease 
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1.4.3. Potential causes of CFRD 

The causes of CFRD are unknown. However, there are two main hypothesis that could 

explain the root of the disease. The first is the “bystander effect” hypothesis, which states that 

CFRD is caused by destruction of pancreatic endocrine function as a result of exocrine pancreatic 

dysfunction90,92. CFTR dysfunction in pancreatic ductal cells causes an increase in mucin 

production and acidification of pancreatic juices, leading to obstruction of pancreatic ducts. 

Obstructed ducts can lead to pancreatic fibrosis due to auto-digestion of pancreatic tissue. Islet 

cells, responsible for producing insulin, might be damaged as a result. The second hypothesis states 

that CF patients already have dysfunctional islet cells, even before pancreatic damage occurs. 

Improper CFTR folding and trafficking in islet cells might interfere with its endocrine function32,93.  

1.4.4. CFRD diagnosis 

The Cystic Fibrosis Foundation (CFF) recommends that CF patients are screened for 

CFRD once a year, starting at 10 years of age. CFRD is tested by conducting an oral glucose 

tolerance test (OGTT). The test requires patients to fast for at least 8 hours before ingesting a drink 

with high glucose. Their blood glucose levels are then monitored at different time points. A fasting 

glucose level ≥ 126 mg/dL (7.0 mmol/L) and/or a 2 h OGTT glucose level ≥ 200 mg/dL (11.1 

mmol/L) are used to diagnose CFRD. A blood glucose reading ≥ 140 mg/dL (7.8 mmol/L) and < 

200 mg/dL (<11.1 mmol/L) is considered impaired glucose tolerance, and those patients are at a 

higher risk of developing CFRD in the near future (Table 1.4)94,95. Another test commonly used to 

diagnose diabetes is to measure hemoglobin A1c (HbA1c) in blood. This test is less burdensome 

than an OGTT, since it does not require fasting nor multiple blood draws. However, this test has 

proven to not be sensitive enough to diagnose CFRD96.  
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Table 1.4. Blood glucose guidelines used when conducting an oral glucose tolerance test 

(OGTT) to diagnose CFRD. 

Category 
Fasting glucose 

mmol/dL (mg/dL) 

2-hour time point 

mmol/dL (mg/dL) 

Normal glucose tolerance 

(NGT) 
< 5.6 (100) < 7.8 (140) 

Impaired fasting glucose 

(IFG) 
> 5.6 (100) < 7.8 (140) 

Impaired glucose tolerance 

(IGT) 

> 5.6 (100) 

< 7.0 (126) 

> 7.8 (140) 

< 11.1 (200) 

Cystic Fibrosis-Related 

Diabetes (CFRD) 
≥ 7.0 (126) > 11.1 (200) 
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1.4.5. CFRD treatments 

The pathophysiology driving CFRD is still unknown. Thus, there are no therapies available 

to treat the underlying cause of CFRD. Instead, CFRD treatments mainly focus on keeping blood 

sugar levels within a normal range. The only available therapy for CFRD is insulin replacement94. 

Patients are encouraged to monitor their blood sugar levels by finger pricking or by using a 

continuous glucose monitor (CGM). Carbohydrate counting is recommended with each meal or 

snack to administer the right amount of insulin. Insulin pumps are also commonly used, and newer 

models can be synchronized with CGMs for automatic insulin delivery97. Changes in lifestyle, 

such as consistent moderate exercise and a healthy diet, also help keep blood glucose levels in 

range.  

1.4.6. CFRD challenges and unmet needs 

Early CFRD detection and intervention are crucial to minimize negative effects on 

pulmonary function as much as possible. However, CFRD onset is insidious making it challenging 

to diagnose. CFRD is commonly diagnosed through OGTT screening. However, there is 

significant variability in OGTT results upon repeated testing. OGTT screens are also viewed as 

tedious and burdensome by patients and doctors, affecting adherence to testing once a year98. 

Further, the guidelines used to diagnose diabetes through OGTT testing are based on type 2 

diabetes data. These guidelines are based on increased risk of retinopathy in type 2 diabetes 

patients. However, modified guidelines that test for glycemic concentrations that begin to affect 

pulmonary function or body mass index (BMI) might be better suited to diagnose patients with 

CFRD99. The use of CGM data is also being investigated as a potential alternative for CFRD 

diagnosis. Among the unmet needs, CFRD patients need a less labor-intensive way to manage their 

blood sugar levels. 



26 

1.5. In vitro models to study CFRD 

There are several in vitro models available to study CFRD. In order to study the negative 

effects of CFRD on pulmonary function, the two most common in vitro models available are 

immortalized airway epithelial cells and primary airway epithelial cells. Each has their pros and 

cons, which will be discussed further below.  

1.5.1. Immortalized airway epithelial cells 

Immortalized cell lines have been genetically modified to survive for longer periods and 

are widely used in CF research. Their advantages include ease of use, reproducibility, and 

availability in a wide range of genotypes. The use of immortalized cells is particularly beneficial 

during early stages of testing, while troubleshooting and protocol optimization is taking place. 

These cells usually have a fast turnover rate, and do not require expensive specialized media 

components. Further, they have been widely used in the field, and there is plenty of data available 

for reference. A disadvantage of using these cell lines is that they do not always accurately 

recapitulate in vivo airway physiology.  They might express different levels of CFTR protein 

abundance than physiologically relevant or might not fully differentiate into all the cell types 

present in the airways. Despite their disadvantages, their use can still be very informative in CF 

research. Common immortalized cell lines used in the lab are Fischer Rat Thyroid (FRT), CF 

bronchial epithelial cells (CFBE), and gene-edited human bronchial epithelial cells (16HBE).  

FRT cells have been available for more than 20 years and are widely used for drug 

discovery. These cells use Flp-In™ technology, meaning that they bear an insertion site that can 

be used to generate multiple CFTR variant cell lines and lead to consistent rates of transcription. 

However, these cells are not of human origin, and are not from airway. CFTR trafficking and 

folding might be different than in human airway epithelia100.  
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CFBE cells were created in 2015 from the bronchial epithelium of a homozygous ΔF508 

CF patient. They can polarize into apical and basolateral sides and can form good tight junctions. 

These cells have been stably transduced to express a variety of CFTR genotypes also using the 

Flp-In™ system. However, this cell line only contains a single recombination target site, which 

achieves a single integration of CFTR cDNA101.  

16HBE (16HBE14o-) is another type of human bronchial epithelial cell line. Parental cells 

were isolated from a 1-year-old male in 1994 and immortalized using Simian Virus 40 (SV40). 

The SV40 sequence was inserted into one of the CFTR alleles during the immortalization process. 

Only the other allele generates functional CFTR, rendering the cell line monoallelic for functional 

CFTR expression. The cell line also underwent gene editing using CRISPR/Cas9 to create an 

isogenic cell line (16HBEge) expressing a wide range of CFTR variants. These cells polarize into 

an apical and basolateral side, and form good tight junctions102,103.  These are the immortalized 

cells I have used the most for research. Chapter 2 of this dissertation focuses on understanding the 

effects of hyperglycemia on airway epithelial barrier function using 16HBE cells expressing either 

WT or ΔF508 CFTR. In this chapter, I go into detail about the effects of hyperglycemia on tight 

junction integrity. A representative graph highlighting important cell-cell junctions, highlighting 

important tight junction proteins, is shown on Figure 1.7.  

Overall, immortalized cells are valuable tools to study the pathophysiology of complex 

diseases such as CFRD. However, research findings obtained using immortalized cells should be 

also investigated primary cells. A combination of the use of immortalized and primary cells in 

research provides researchers with the flexibility and accuracy needed to move research forward. 
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Figure 1.7. Representative graph of cell-cell junctions, highlighting important tight 

junction proteins.  

Tight junctions, adherens junctions, gaps junctions and desmosomes are represented (created with 

BioRender).   
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1.5.2. Primary airway epithelial cells 

Primary airway epithelial cells are the gold standard in CF research. With the right culture 

conditions, these cells differentiate into a complex monolayer containing all the major cell types 

found in the native airways (Figure 1.8)104. Basal cells are the most abundant and they act as 

airway progenitor cells that sit at the base of the epithelium and can differentiate into any cell type. 

Goblet cells are mucus producing, while ciliated cells contain hair-like structures (cilia) to move 

mucus out of the airway. Club cells are also known as secretory cells, as they produce pulmonary 

surfactant to prevent the collapse of the small airways. Club cells also have the ability to 

differentiate into ciliated cells. There are also rare cell types such as tuft cells, neuroendocrine cells 

and ionocytes. These cells are less abundant, but they are essential for the proper function of the 

airway. Tuft and neuroendocrine cells are chemosensory, as they respond in changes to their 

environment such as chemicals or mechanical stimuli. Ionocytes are the most rare, yet they express 

high levels of CFTR105,106.  

Primary epithelial cells can be isolated using non-invasive approaches such as nasal 

brushing. Nasal epithelial cells share many similarities with conducting and terminal airway 

cells105. However, airway epithelial cells taken from bronchoscopies or lung explants are preferred. 

However, these cells have short differentiation capacity. Traditional methods for culturing primary 

cells rely on freezing primary cells at early passages for future use. These cells can only be used 

for a few passages107. Another method, called conditional reprograming conditioning (CRC), relies 

on propagating basal cells using rho kinase inhibitors and irradiated fibroblasts to generate cells 

that can be later differentiated to a pseudostratified epithelium108. This method increases the 

expansion capacity of cells, allowing for better reproducibility. CRC is our preferred culture 

method when working with primary cells.  
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Figure 1.8. The differentiated airway epithelium is comprised of several cell types.  

The diagram highlights ciliated cells, club cells, goblet cells, ionocytes, neuroendocrine cells and 

basal cells (Created with BioRender). 
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1.6.In vivo models to study CFRD 

Several animal models are available to study CF. The most commonly used animal models 

include mouse, pig, and ferret. Each model has its advantages and challenges, and it is up to each 

research group to choose the model best suited for their research109. I will describe each model in 

detail below.  

Mouse models are the preferred animal model used among numerous research labs across 

the country and the world. These animals have short lifespans, but they can be obtained cheaply 

and are easy to breed110. Further, there are several CF models already available. These models 

include total CFTR knockout, total CFTR knockout with gut correction, ΔF508 mutant CFTR, and 

others. The total CFTR knockout mouse has proven to be difficult to maintain, as they require a 

liquid diet and have shorter than usual lifespans. The lethal intestinal dysfunction on these mice 

was addressed by re-inserting CFTR only into gut tissue111. Even though this mouse model was an 

improvement from the complete CFTR knockout model, mouse models bearing CFTR variants, 

such as ΔF508, might better recapitulate CF disease as they present problems with folding and 

trafficking112. Interestingly, even mouse models with CFTR variants do not always recapitulate CF 

disease, especially in the airways. As a result, a mouse model overexpressing the -subunit of 

ENaC (Snn1b mice) in the lungs is commonly used as a CF model. The airways of these mice are 

dehydrated and mucus producing, similar to the airways of CF patients113. The Snn1b mouse model 

was used in Chapter 4 of this dissertation. These mice were made diabetic to test the effects of 

systemic hyperglycemia in CF-like lung pathology.  

Besides mice, pigs can also be used in CF research. They are more expensive and more 

difficult to maintain alive than mice. However, their airway physiology better resembles that of a 

human114. There are two main models available, a CFTR knockout model that is gut-corrected and 
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a model carrying the ΔF508 mutation115. Interestingly, the ΔF508 pig model develops long-term 

CF lung pathology, as shown by thickening of the airways by CT scans. Further, their lungs also 

show signs of mucus plugging with infiltration of immune cells (neutrophils and macrophages). 

Further, infection with SA showed that these pigs had impaired bacterial clearance compared to 

their WT controls116. Overall, pigs can be used as successful CF models. However, they might not 

be accessible by many research labs due to cost and demanding care. 

Ferrets are also commonly used in CF research. Their lung physiology better resembles 

that of humans compared to mouse models117. Their lifespan is also longer than that of mice, which 

makes them useful for longer-term studies. Further, they are smaller in size, cheaper to obtain and 

easier to maintain compared to pig models. There are two main available ferret models, a total 

CFTR knockout model and a gut corrected CFTR knockout model. The gut corrected CFTR 

knockout model has better survival rates118. However, their weight is still reduced when compared 

to WT controls. Interestingly, CFTR knockout ferrets develop spontaneous airway disease with 

progressive lung function decline similarly to human CF patients. Further, neutrophilic 

inflammation occurs even before an infection takes place119. The disadvantage of ferret models is 

their lack of genotype variety. There is ferret model homozygous for the G551D mutation. This 

mutation affects CFTR gating, and the ferret model has been shown to develop spontaneous lung 

disease similar to humans120,121.  

Choosing an animal model will depend on the overall goals and resources of each research 

lab. The available mouse, pig and ferret models all present their own advantages and challenges 

which researchers should be aware of before choosing a model. Despite the complexity of animal 

models, they are valuable tools that need to be further developed to enhance CF research. 
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2. Chapter 2 - Effects of hyperglycemia on airway epithelial barrier 

function in WT and CF 16HBE cells 
 

Preface 

This chapter is an adaptation of a paper submitted to Scientific Reports, which highlights 

the differences in barrier function between WT and CF 16HBE cells in response to hyperglycemia. 

I collected and analyzed the data. I also wrote the manuscript. This is groundbreaking work in the 

field, since little is known about the effects of hyperglycemia on airway epithelial barrier function. 

This work contributes novel information about changes in transepithelial resistance, paracellular 

flux, gene expression, and protein localization of essential tight junction proteins claudin-4 and 

zona occludens-1. Bulk RNA sequencing highlights differences in transcriptomic responses in WT 

and CF cells in response to hyperglycemia, identifying PTPRG as an interesting target for future 

investigation. Overall, this work aims to expand our knowledge about the mechanisms driving 

accelerated lung function decline in patients with CFRD.  

Full citation 

Vazquez Cegla, A. J.; Jones, K. T.; Cui, G.; Cottrill, K. A.; Koval, Michael; McCarty, N. 

A. Effects of hyperglycemia on airway epithelial barrier function in WT and CF 16HBE cells. 

Scientific Reports 2024. Manuscript under peer-review. 
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2.1. Introduction 

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the gene 

encoding the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)1. Even though CF 

is a multiorgan disease, the leading cause of CF mortality is respiratory failure4. CF patients have 

impaired mucus clearance from the lungs, which leads to partial obstruction of the airways by thick 

mucus secretions. This creates an ideal environment for bacteria to proliferate; recurring bacterial 

infections exacerbate inflammation and progressive lung tissue damage, leading to a gradual 

decline in lung function. Recent pharmacological advances can restore partial CFTR function for 

select mutations8,9. The triple combination therapy, Elexacaftor/Ivacaftor/Texacaftor (ETI), is a 

capable of correcting the folding and potentiating the ion channel activity of CFTR. This has had 

a positive impact on the quality and length of life of people with CF (pwCF) that are eligible for 

this therapy. However, not all CF patients are eligible for this new medication due to their CFTR 

genotype or due to adverse effects122,123. Further, it is still unknown whether this new therapy can 

prevent the development of CF related co-morbidities. Thus, these co-morbidities might soon 

become the life-limiting factor for pwCF.  

The main CF co-morbidity is CF related diabetes (CFRD), which begins to develop during 

early childhood and affects around 50% of adult CF patients90,91. CFRD is different from Type I 

and Type II diabetes. Non-CF diabetic patients do not experience recurrent bacterial infections that 

lead to lung disease, which suggests that their airways can adapt to hyperglycemia85,87. In contrast, 

diabetes in the context of CF leads to rapid lung disease progression and overall health 

deterioration. CFRD is associated with more frequent episodes of acute pulmonary exacerbations 

requiring intravenous antibiotics40. As a result, patients with CFRD experience an approximate 

six-fold higher rate of lung function decline compared to their non-diabetic CF counterparts90. In 
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healthy individuals, the level of glucose in the airway surface liquid (ASL) is proportional to the 

level of glucose in the serum. In contrast, early evidence shows that ASL glucose concentration is 

elevated in CF patients, and it is further elevated in patients with CFRD124. Previous data from our 

lab show that there is a direct link between expression of mutant CFTR and dysregulation of 

glucose homeostasis in human airway epithelial cells and mouse lungs89,125. We showed that 

insulin receptors are expressed apically in human airway epithelial cells. However, insulin-

dependent glucose uptake is defective in CF cells126. This is a concerning problem since airway 

glucose serves as a nutrient for bacteria, which then proliferate, and also may worsen oxidative 

stress in the airways. 

Polarized cells, such as airway epithelia, have distinct apical and basolateral domains. Tight 

junctions (TJs) are located at cell-cell junctions and play important roles in separating solutes in 

the apical and basolateral fluid compartments127. Thus, TJs limit paracellular permeability by 

acting as a seal at cell-cell junctions through the action of dynamic plasma membrane proteins 

from several families, including claudins128. Claudins can be classified as pore-forming (claudin-

2, -10, -15) or sealing (claudin-1, -3,-4, -5, -7 and -18). Lung epithelia tend to favor the expression 

of sealing claudins129. Claudins can anchor to the actin cytoskeleton through interaction with 

scaffolding proteins such as zonula occludens 1 (ZO-1) and can be actively recruited into and out 

of the TJs as needed128,130. We hypothesize that in non-disease conditions, proper function of TJ 

proteins prevents leak of glucose from interstitial fluid into the airways. However, the integrity of 

TJ proteins may be compromised in patients with CF and further exacerbated in patients with 

CFRD. Overall, the pathways that drive CFRD disease pathophysiology are still not understood. 

Identification of these pathways will inform the development of new therapeutics to improve the 

quality and length of life for CF patients. 
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2.1. Methods 

Unless otherwise specified, chemical reagents were purchased from MilliporeSigma. 

2.1.1. Airway epithelial cell culture  

Immortalized 16HBE14o- Human Bronchial Epithelial cells (16HBEs) were studied. 

16HBE cells expressing WT CFTR (16HBE-WT) were kindly provided by Dr. Jason Hansen 

(Brigham Young University). 16HBE cells expressing ΔF508/V470 CFTR (16HBE-CF) were 

obtained from the CF Foundation Therapeutics lab (CFFT). Both cell lines were cultured following 

recommendations made by the CFFT 131 with some exceptions. Flasks were not coated with 

collagen. 16HBE-WT cells were cultured in MEM media for 1 week before being plated for 

experiments. 16HBE-CF cells were cultured in DMEM media for 2 weeks, then switched to MEM 

media for 1 week before being plated for experiments. MEM complete media contained 90% MEM 

(Gibco, 11095-072), 10% fetal bovine serum (FBS) (R&D, S11150H), and 1% 

Penicillin/Streptomycin (Pen/Strep, Gibco 15070-063). DMEM complete media contained 90% 

DMEM (Gibco 11885-084) with the same amounts of FBS and Pen/Strep. Both cell lines were 

used for a maximum of 12 weeks from the day of thawing from frozen aliquots. Cells were plated 

on the apical side of Costar 3470 Transwell plates (0.4 μm pore size, polyester, Corning) at a 

density of 150,000 cells per well or on Costar 3460 Transwell plates (0.4 μm pore size, polyester, 

Corning) at a density of 250,000 cells per well using complete MEM media containing 5.5 mM 

glucose. Glucose conditioning started 2 days after seeding. Cells underwent daily media changes 

receiving complete MEM media containing either 5.5 mM or 17.5 mM glucose. Glucose 

conditioning lasted 5 to 7 days. Cells were cultured at liquid-liquid interface. 
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2.1.1. Short-circuit current measurements 

Short-circuit current experiments were performed using an Ussing chamber system from 

Physiologic Instruments with Acquire & Analyze software.  Normal chloride buffer was used on 

the basolateral side and it contained 115 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 

mM glucose, 10 mM HEPES, 25 mM NaHCO3, pH 7.4. Low chloride buffer was used on the 

apical side and it contained 115 mM Na gluconate, 5 mM KCl, 1 mM MgCl2, 4 mM CaCl2, 10 

mM glucose, 10 mM HEPES, 25 mM NaHCO3, pH 7.4. Chambers were bubbled with 95:5% 

O2:CO2 and maintained at 37°C during experiments. Cells in the Ussing chambers were stabilized 

for 30 min prior to treatment to inhibit or activate channel pathways. Cells were treated with 20 

μM amiloride added to the apical side to inhibit ENaC-mediated sodium currents, 10 μM forskolin 

added to the apical and basolateral sides to activate CFTR currents, and 10 μM INH172 

subsequently added to the apical side to inhibit CFTR.  

2.1.2. Paracellular dye flux experiment 

Paracellular dye flux experiments were conducted as previously reported 126 . Briefly, cells 

plated on Transwells (Corning, 3460) were conditioned with normal or high glucose media for 5-

7 days. Membranes were washed and placed in bilateral Krebs-Ringer HEPES (KRH) buffer (1 

g/L D-glucose, 50 mM HEPES, 137 mM NaCl, 4.7 mM KCl, 1.85 mM CaCl2, and 1.3 mM MgSO4, 

pH 7.4) for 90 minutes to remove all growth factors. The solutions were replaced with fresh KRH, 

where the apical solution contained 4 µg/mL Calcein (0.62 KDa) and 0.1 mg/mL Texas Red 

Dextran (10 kDa). Samples (100 µL) were collected from the basolateral side every 30-60 minutes 

for 3 hours. A plate reader was used to measure abundance (excitation/emission 485/515 nm for 

Calcein and 585/615 nm for Dextran). Flux rates were calculated by taking the linear slope of the 

flux vs time plots.  
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2.1.3. Quantitative reverse transcription PCR (qRT-PCR) 

Cells from two large Transwells were pooled (6 wells, 3 collection tubes, for each 

treatment) and centrifuged at 500g for 10 min at 4°C. RNA was extracted using Trizol® according 

to the manufacturer's directions. A reverse transcription kit (Qiagen, Cat No. 205311) was used to 

make cDNA with a starting RNA concentration of 100 ng per reaction. SYBR Green was added to 

diluted cDNA (1:1) and 20 µl was used per PCR reaction. The PCR reactions were run using a 

StepONEPlus Real-Time PCR System (AB Applied Biosystems). Cycle threshold values were 

normalized using the housekeeping gene, hypoxanthine phosphoribosyltransferase 1 (HPRT1). 

2.1.4. ETI and insulin conditioning 

Cells were plated on Transwells and cultured as previously described. Hyperglycemic 

conditioning started three days after seeding with daily media changes from day 3 to day 9. 

Elexacaftor/Tezacaftor treatment with or without insulin was applied on day 7. 

Elexacaftor/Tezacaftor/Ivacaftor treatment with or without insulin was applied on day 8. The final 

concentrations in culture were 5 µM Elexacaftor, 18 µM Tezacaftor, 1 µM Ivacaftor, and 400 nM 

insulin.  

2.1.5. Immunostaining 

Cells plated on Transwells (Corning 3470) were fixed using 2% paraformaldehyde in 1X 

PBS for 10 minutes, followed by a 2-minute incubation with 1:1 methanol acetone. Samples were 

blocked using 2% BSA in PBS (PBS/BSA) and incubated overnight at 4oC with primary antibodies 

targeting CLDN4 (#36-4800, ThermoFisher) and ZO-1 (#33-9100, ThermoFisher). Samples were 

washed and incubated with secondary antibodies Alexa Fluor-488 anti-rabbit (1:500) and Alexa 

Fluor-594 anti-mouse (1:500) for 1 hour. Transwells were cut and mounted with the apical side 

pointing toward the coverslip. Vectashield antifade with DAPI (Vector Laboratories, #H-1200-10) 
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was used during mounting. All steps were performed at room temperature unless otherwise noted. 

Images were collected using a Nikon SoRa confocal microscope using a 40X water immersion 

objective. 

2.1.6. Image Analysis 

To test whether CLDN4 was present at the plasma membrane of airway epithelial cells in 

a position associated with the TJs, we employed a novel image analysis technique. The analysis 

was blinded by deidentifying file names, which contained genotype and glucose condition 

information, while keeping a record linking code names to file names hidden from the researcher 

conducting the analysis. Deidentified confocal image stacks were opened using ImageJ and 

fluorescence channels were split. Working only with the ZO-1 fluorescence channel, the maximum 

Z projection (Max-Z) was taken. This provided spatial information of where the boundary of each 

cell was located. A point tool was used to numerically label each visible cell. A random number 

generator was used to randomly select 8 non-adjacent cells per image for analysis. The line tool 

was used to manually draw the cell outlines of the randomly selected cells. All labels and outlines 

were saved in the ROI manager. The fluorescence intensity of ZO-1 staining coming from the 

selected cell outlines was measured and saved. The cell outlines then were overlayed onto the 

CLDN4 channel.  The fluorescence intensity of CLDN4 staining coming from the outlines of the 

selected cells was measured and saved. Labels and outlines were overlayed using the “flatten” 

function on ImageJ. Max-Z projection images and ROI manager windows were saved. 

2.1.7. RNA Sequencing 

Cells plated on Transwells (Corning, 3460) were washed once with 1XPBS. Cells were 

scraped and pooled into 1 mL conical tubes (2 Transwells per sample) and centrifuged at 500g for 

10 min at 4°C. RNA was isolated using a Quick-RNA Miniprep Kit (#R1054, Zymo Research). 
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RNA was sequenced and analyzed in bulk by Novogene. Volcano plots and heatmaps were 

generated in RStudio (v4.2.3) using the ggplot2 package (v3.4.2). Gene ontology analysis was 

conducted using the Bioconductor clusterProfiler package (v4.6.2).  

2.1.8. Gene Set Enrichment Analysis 

Gene Set Enrichment Analysis (GSEA)132 was conducted to identify gene sets enriched in 

CF versus WT cells in response to glucose concentration in culture. The GSEA analysis tool 

(v4.2.1) and the “Hallmark” gene set from Molecular Signatures Database (MSigDB) were used 

for this purpose.  

2.1.9. Statistical analysis 

Data were analyzed and plotted using GraphPad Prism software unless otherwise specified. 

One-way and two-way ANOVA for multiple comparisons were used. Tukey corrections were used 

as recommended by Prism. 

2.1.10. Data Accessibility  

Bulk RNA sequencing data generated for this study can be found in Gene Expression 

Omnibus (GEO) with the accession code GSE268909. 
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2.2. Results 

2.2.1. Hyperglycemia increases CFTR current and decreases trans-epithelial electrical 

resistance in WT cells but leads to no change in CF cells. 

16HBE-WT and 16HBE-CF cells were conditioned with normal or high glucose media for 

a period of 7 days. Media was changed daily to ensure the glucose concentrations in culture stayed 

close to their initial levels. Normal glucose media contained 5.5 mM glucose (100 mg/dL), while 

the high glucose media contained 17.5 mM glucose (315 mg/dL). We also included a higher 

glucose group which contained 30 mM glucose (540 mg/dL), and a mannitol control with the same 

molarity. After one week of culture in these conditions, we conducted Ussing Chamber analysis of 

short-circuit currents. The change in current after addition of INH172 was recorded as total CFTR 

current. Representative current tracings for WT cells can be found in Figure 2.1A, B. The 

quantification of CFTR current and membrane trans-epithelial electrical resistance (TEER) in WT 

cells can be found in Figure 2.1C, D. Representative current tracings for CF cells can be found in 

Figure 2.1E, F. The quantification of CFTR current and TEER measured in CF cells can be found 

in Figure 2.1G, H. Results show a moderate increase in CFTR current and a prominent decrease 

in TEER in WT cells in response to hyperglycemia. These observations can be seen in both the 

17.5 mM and 30 mM glucose conditioned groups when compared to their normal glycemic control. 

These effects were not due to changes in osmolality, since the 30 mM mannitol control was not 

significantly different from the control group. In contrast, CF cells only exhibited a modest 

increase in CFTR current in the 30 mM glucose group. No changes in TEER were seen in CF cells, 

suggesting that these cells are limited in their ability to respond to hyperglycemia. 
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Figure 2.1. Ussing chamber results show decreased resistance and increased CFTR current 

in 16HBE WT cells but not in CF cells in response to hyperglycemia for 7 days.  

(A) Representative current tracing for WT cells treated with normal or (B) high glucose. (C) CFTR 

current and (D) initial resistance measured in WT cells. (E) Representative current tracing for CF 

cells treated with normal or (F) high glucose. (G) CFTR current and (H) initial resistance measured 

in CF cells. Statistics: One-way ANOVA for multiple comparisons, Tukey correction, *** p<0.001, 

**p<0.01, *p<0.05 (N=3, 6-9 Transwells per group). 
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Repeated bacterial infections are one of the hallmarks of CF airway disease, but not much 

is known about the effects of bacterial infections on barrier function in the context of CFRD. 

Lipopolysaccharide (LPS) is a major component of Gram-negative bacteria cell walls, and it is 

known to trigger an immune response which leads to the release of proinflammatory factors in 

vivo8. When testing the effects of LPS treatment (2 µg/ml for 7 days), WT cells showed decreased 

TEER under normal but not under high glucose conditions. This trend was not seen in CF cells at 

either glucose concentration, suggesting a lack of adaptive response in CF cells (Figure 2.2).   

2.2.2. Increased paracellular flux in CF cells under hyperglycemia upon insulin treatment 

Changes in TEER do not necessarily correlate with changes in paracellular flux 17,20. To 

further assess barrier integrity, we conducted paracellular dye flux experiments. After conditioning 

cells with either normal or high glucose media, calcein (0.62 kDa) and Texas Red dextran (10 kDa) 

were used to test paracellular flux in WT and CF cells. No changes in calcein or dextran flux were 

seen in WT or CF cells in response to hyperglycemia (Figure 2.3A, D). Previous results indicated 

that WT and CF cells exhibit different responses to insulin, in terms of barrier function15. Dye 

flux experiments showed no change in paracellular flux of either calcein or dextran in WT cells 

after 400 nM insulin treatment (Figure 2.3B, E). However, CF cells showed increased paracellular 

flux of both calcein and dextran in response to 400 nM insulin treatment (Figure 2.3C, F). Overall, 

these results highlight that airway epithelial cell barrier integrity is compromised in CF cells in 

response to hyperglycemia and insulin treatment. WT cells appear to be better able to adapt to 

hyperglycemia under insulin conditioning.  
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Figure 2.2. Treatment with LPS does not change CFTR current under normal or high 

glucose for 7 days.  

(A) Summary of CFTR currents and (B) TEER in response to hyperglycemia and LPS treatment 

(2 µg/mL) in WT cells. (C) Final transepithelial resistance after inhibition of ENaC and CFTR in 

WT cells. (D) Summary CFTR currents and (E) transepithelial resistance in response to 

hyperglycemia and LPS treatment (2 µg/mL) in CF cells. (F) Final transepithelial resistance after 

inhibition of ENaC and CFTR in CF cells. Statistics: Two-way ANOVA for multiple comparisons, 

Tukey correction, *** p<0.001, **p<0.01, *p<0.05 (N=3, 8-9 Transwells total). 



45 

 

Figure 2.3. Hyperglycemia for 7 days increases flux of both calcein (0.62 kDa) and dextran 

(10 kDa) in CF cells but not WT cells upon insulin treatment (400 nM). 

(A) Calcein flux of WT and CF cells under normal or hyperglycemic conditions. (B) Calcein flux 

after insulin treatment under normal glucose or hyperglycemia in WT cells only. (C) Calcein flux 

after insulin treatment under normal glucose or hyperglycemia in CF cells only. (D) Dextran flux 

of WT and CF cells under normal or hyperglycemic conditions. (E) Dextran flux after insulin 

treatment under normal glucose or hyperglycemia in WT cells only. (F) Dextran flux after insulin 

treatment under normal glucose or hyperglycemia in CF cells only. (NG= normal glucose, HG= 

high glucose). Dye flux experiment conducted after 90-minute serum starvation in Krebs-Ringers 

HEPES-buffered solution (KRH) to remove effects of insulin. Each replicate was normalized to 

its WT normal glucose control group (N=3). 
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2.2.3. Rescue of CFTR by ETI in CF cells is not compromised by hyperglycemia or insulin 

treatment. 

ETI is a novel treatment in the CF field. Patients who are eligible to take it show great 

clinical improvement regarding their airway disease. It is unknown whether hyperglycemia or 

insulin treatment might impact the effectiveness of ETI. Ussing chamber experiments were 

conducted to address this question. Initial resistance was defined as the TEER measured by Ussing 

Chamber after a 30-minute equilibration, but before the addition of any small molecules to activate 

or inhibit specific ion transport proteins. Final resistance was defined as the TEER measured after 

inhibition of ENaC and CFTR. Results show that neither CFTR current nor initial resistance were 

affected by ETI or ETI with insulin under normal or high glucose culture conditions in 16HBE-

WT cells (Figure 2.4A, B). This was expected since WT cells already have functional CFTR. 

However, WT cells treated with ETI and insulin under hyperglycemic conditions exhibited 

elevated final resistance (Figure 2.4C). This suggests that, under hyperglycemia, insulin induced 

changes in the epithelial barrier that led to higher TEER independent of CFTR and ENaC function. 

In contrast, 16HBE-CF cells exhibited an increase in CFTR current in response to ETI, as expected. 

CFTR current rescue was comparable under normal and high glucose. Adding insulin treatment 

did not interfere with CFTR rescue by ETI (Figure 2.4D). In contrast to WT cells, both initial and 

final TEER decreased in CF cells treated with ETI under both normal and high glucose (trending 

toward significance in high glucose), and this was not impacted by insulin (Figure 2.4E, F). Total 

CFTR protein expression was also analyzed by Western Blot. Results show no detrimental effects 

caused by insulin treatment under normal or hyperglycemic conditions in the presence or absence 

of ETI (Figure 2.5). 
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Figure 2.4. Treatment with ETI leads to decreased transepithelial resistance in 16HBE-CF 

cells cultured under normal or hyperglycemic conditions.  

(A) Summary CFTR currents and (B) initial transepithelial resistance in response to 

hyperglycemia, ETI, and ETI with insulin in WT cells. (C) Final transepithelial resistance after 

inhibition of ENaC and CFTR in WT cells. (D) Summary CFTR currents and (E) initial 

transepithelial resistance in response to hyperglycemia, ETI, and ETI with insulin in CF cells. (F) 

Final transepithelial resistance after inhibition of ENaC and CFTR in CF cells. Statistics: Two-

way ANOVA for multiple comparisons, Tukey correction, **** p<0.0001, ***p<0.001, **p<0.01, 

*p<0.05 (N=3, 8-9 Transwells total). 
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Figure 2.5. Total protein quantification of ZO-1, CFTR, and CLDN4 shows no detrimental 

effects on protein expression in response to insulin treatment.  

Cells were cultured with normal or high glucose for 7 days. ETI with or without 400 nM insulin 

added during the last 48 hours. Results show (A) representative Western blot images for the 

proteins of interest. Quantification of total ZO-1 expression in (B) WT and (C) CF cells. 

Quantification of total CFTR expression in (D) WT and (E) CF cells. Quantification of total 

CLDN4 expression in (F) WT and (G) CF cells. Statistics: Two-way ANOVA for multiple 

comparisons, Tukey correction, *p<0.05 (N=3). 
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2.2.4. Key proteins of the airway glucose barrier are dysregulated in CF cells.  

The expression of genes for key proteins that play roles in TJ integrity and glucose 

homeostasis was quantified using qRT-PCR. Cells were conditioned as stated before, using media 

with 5.5 mM or 17 mM glucose for 7 days. Results show that the transcript levels of key TJ proteins 

claudin -1, -3, -4, and -7 were downregulated in WT cells in response to hyperglycemia (Figure 

2.6A). Interestingly, the expression of none of these transcripts of interest were changed in CF 

cells in response to hyperglycemia (Figure 2.6B). However, when transcript expression of CF cells 

was compared to WT cells at normal glycemic conditions, key TJ proteins claudin -1, -3, -4, and -

7 were already downregulated in CF cells (Figure 2.6C). No transcripts were found to be 

differentially expressed when comparing CF cells vs WT cells at hyperglycemic conditions. 

(Figure 2.6D).  

CLDN4 is a sealing claudin of particular interest since it is expressed throughout the 

airways and reports suggest that it has a protective role against lung injury 129,133–135. Confocal 

microscopy was used to study protein expression and localization of this protein to the TJ of 

16HBE-WT and 16HBE-CF polarized monolayers conditioned with normal or high glucose. 

Representative images are shown in Figure 2.6E. These images show an overlay of the maximum 

intensity projections in the Z-plane for two fluorescence intensity channels, the CLDN4 channel 

shown in green and the Zonula Occludens (ZO-1) channel shown in magenta. ZO-1 is almost all 

plasma membrane-localized and was used to identify cell boundaries and mark TJs. Little to no 

ZO-1 fluorescence signal comes from the cell interior. For quantification purposes, CLDN4 and 

ZO-1 were considered to be at the TJ when localized to the cell periphery/plasma membrane. In 

our novel quantification method, images were deidentified and opened with ImageJ. The ZO-1 

channel was used to number all visible cells and eight non-adjacent cells per field were randomly 
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selected for analysis. Cell outlines were manually drawn following ZO-1 fluorescence intensity as 

template, using the multi-point line tool on ImageJ (Figure 2.6F). ZO-1 fluorescence intensity 

coming from the periphery of each cell was then measured, which gives an indication of total TJ-

associated ZO-1. CLDN4 colocalized with ZO-1 was used to determine the relative amount of TJ-

associated CLDN4 normalized to WT, normal glucose (Figure 2.6G). Results show that TJ-

localized CLDN4 abundance remained unchanged in WT cells in response to hyperglycemia. 

However, under both normal glucose and hyperglycemic treatment, CF cells had elevated CLDN4 

TJ abundance when compared to their WT controls (Figure 2.6H); more importantly, the 

distribution of values across cells was broad, compared to WT cells, suggesting that localization 

was dysregulated in CF cells. Further, CLDN4 localization to TJs increased in CF cells and the 

distribution was even more broad. ZO-1 TJ expression followed a similar trend (Figure 2.6I).  

The effects of ETI treatment on CLDN4 and ZO-1 TJ localization also were studied. There 

was no change in CLDN4 TJ localization in WT cells treated with hyperglycemia and ETI. 

However, CF cells showed a decrease in CLDN4 abundance at the cell periphery in response to 

hyperglycemia when treated with ETI. CF cells treated with normal glucose and ETI had elevated 

CLDN4 TJ abundance when compared to their WT control. However, in CF cells treated with ETI, 

the response to hyperglycemia indicated a reduced abundance of CLDN4 at the cell periphery 

(Figure 2.6J). In this case, ZO-1 TJ abundance did not follow the same trends as CLDN4 with 

ETI. Both WT and CF cells showed increased ZO-1 TJ abundance in response to hyperglycemia 

when ETI also was present. Further, there was no difference between ZO-1 TJ abundance in WT 

and CF cells at normal or high glucose in the presence of ETI (Figure 2.6K).  
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Figure 2.6. Hyperglycemia leads to dysregulation of essential glucose barrier components in 

16HBE cells.  

Cells were conditioned with normal or high glucose for 7 days. Elexacaftor (5 µM)/Texacaftor (18 

µM) added in the last 48 hours.  Elexacaftor (5 µM)/Texacaftor (18 µM)/Ivacaftor (1 µM) added 

in the last 24 hours. Results show (A) volcano plot of key tight junction genes upregulated (red) 

or downregulated (blue) in WT cells, or (B) in CF cells in response to hyperglycemia. (C) Volcano 
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plot of key tight junction genes upregulated (red) or downregulated (blue) in WT vs CF cells at 5.5 

mM glucose and (D) in WT vs CF cells at 17.5 mM glucose. (E) Representative confocal 

microscopy images of overlayed CLDN4 (green) and ZO-1 (magenta) immunostaining. (F) 

Representative ZO-1 immunostaining image showing quantification technique. Example cells 

outlines used for quantification analysis shown in cyan. (G) Representative CLDN4 

immunostaining image showing quantification technique. Example cells outlines used for 

quantification analysis shown in cyan. (H) Quantification of control membrane CLDN4 

expression. (I) Quantification of control membrane ZO-1 expression. (J) Quantification of 

membrane CLDN4 expression after ETI treatment. (K) Quantification of membrane ZO-1 

expression after ETI treatment. Statistics: Two-way ANOVA for multiple comparisons, Tukey 

correction, **** p<0.0001*** p<0.001, **p<0.01, *p<0.05. Each replicate was normalized to its 

WT normal glucose control group (N=3, 2-3 Transwells per experiment, 16-24 cells analyzed per 

condition per experiment). 

  



53 

2.2.5. Transcriptional responses are different in CF versus WT cells under normal or high 

glucose. 

Data thus far suggest that WT and CF cells exhibit differences in the barrier function 

response to hyperglycemic conditions. To determine if this was due to differences in gene 

expression in an untargeted manner, bulk RNA sequencing of cells grown on permeable supports 

under normal glucose or hyperglycemic conditions was performed; results show different 

transcriptional responses in CF cells compared to WT cells when cultured under either normal or 

high glucose (5.5 mM or 17.5 mM, respectively). Differentially expressed genes were defined as 

genes with a |log2FoldChange| ≥ 1 and a padj < 0.05. CF cells showed 572 downregulated genes 

and 370 upregulated genes compared to WT cells when cultured under normal glucose; CF cells 

showed 474 downregulated and 317 upregulated genes compared to WT cells when cultured under 

high glucose (Figure 2.7A). Normal glucose results are shown in Figure 2.7B-D. High glucose 

results are shown in Figure 2.7F-H. A Venn diagram taking all differentially expressed genes from 

CF versus WT cells at normal and high glucose shows that 573 genes are found in common 

between both sets, with 369 genes uniquely differentially expressed under normal glucose and 218 

genes uniquely differentially expressed under high glucose (Figure 2.7E). Differential expression 

of WT high glucose versus WT normal glucose, as well as CF high glucose versus CF normal 

glucose is shown in Figure 2.8.  
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Figure 2.7. CF cells differ in transcriptional responses compared to WT cells when cultured 

with normal and high glucose media for 7 days.  

(A) Summary of the number of genes upregulated and downregulated. (B) Volcano plot 

highlighting the differentially expressed genes in CF vs WT cells in response to normal glucose 

culture (red = upregulated, blue = downregulated). (C) Heatmap of the top differentially expressed 

genes under normal glucose in CF vs WT cells. (D) Gene ontology analysis of differentially 

expressed genes under normal glucose in CF vs WT cells (top = biological processes, bottom = 

molecular function). (E) Venn diagram highlighting the number of genes differentially expressed 

in each group, as well as the overlap. (F) Volcano plot highlighting the differentially expressed 

genes under hyperglycemia in CF vs WT cells (red = upregulated, blue = downregulated). (G) 

Heatmap of the top differentially expressed genes under hyperglycemia in CF vs WT cells. (H) 

Gene ontology hyperglycemia in CF vs WT cells (top = biological processes, bottom = molecular 

function) (N=5-6). 
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Figure 2.8. WT and CF cells conditioned with hyperglycemia have different transcriptional 

responses after 7 days of treatment.  

(A) Summary of the number of genes upregulated or downregulated in WT and CF cells in 

response to hyperglycemia. (B) Volcano plot highlighting the differentially expressed genes in WT 

cells (red = upregulated, blue = downregulated in response to hyperglycemia). (C) Heatmap of the 

differentially expressed genes in WT cells. (D) Venn diagram highlighting the number of genes 

differentially expressed in each group, with the common genes shown in a table. (E) Volcano plot 

highlighting the differentially expressed genes in CF cells (red = upregulated, blue = 

downregulated in response to hyperglycemia). (F) Heatmap of the differentially expressed genes 

in CF cells (N=5-6). 
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2.2.6. Gene set enrichment analysis shows that hallmark gene sets are dysregulated in CF versus 

WT cells under normal and high glucose culture conditions. 

Taking the DESeq2 normalized count data from bulk RNA sequencing, gene set enrichment 

analysis (GSEA) was run to identify Hallmark gene sets dysregulated in CF compared to WT cells 

under normal conditions and hyperglycemia. Gene sets with a false discovery rate (FDR) q-value 

less than 0.2 were considered significantly enriched. Under normal glucose, 14 Hallmark gene sets 

were dysregulated in CF cells (Figure 2.9A). The top 6 enrichment plots are shown in Figure 

2.9B. Under high glucose, 8 Hallmark gene sets were dysregulated in CF cells (Figure 2.9C). The 

top 6 enrichment plots are shown in Figure 2.9D. 
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Figure 2.9. Gene set enrichment analysis (GSEA) results highlight hallmark gene sets 

dysregulated in CF versus WT under normal glucose or high glucose after 7 days.  

(A) Plot highlighting all the hallmark gene sets enriched in CF versus WT cells at normal glucose 

(5.5 mM). (B) Enrichment plots for the top six gene sets enriched in CF versus WT cells under 

normal glucose. (C) Plot highlighting all the hallmark gene sets enriched in CF versus WT cells at 

high glucose (17.5 mM). Gene sets with a false discovery rate (FDR) q-value <0.2 were defined 

as enriched. The normalized enrichment scores (NES) for each gene set are shown on the x-axis. 

(D) Enrichment plots for the top six gene sets enriched in CF versus WT cells under high glucose. 

Normalized gene counts from DESeq2 were used as the input for GSEA (N=5-6). 

  



58 

2.3. Discussion  

In this study, we utilized 16HBE cells as a model cell line to test the effects of 

hyperglycemia on airway epithelial barrier function in the context of CF. Data presented here 

indicate that WT cells can adapt to hyperglycemia, while CF cells lack the same adaptive response. 

After exposure to hyperglycemic media for 5-7 days, WT cells showed decreased TEER with a 

slight increase in CFTR current. TEER is a direct measure of barrier integrity. Our findings in WT 

cells agree with previous publications, which highlight a decrease in TEER in response to 

hyperglycemia in intestinal, retinal, and renal epithelia136–138. Interestingly, CF cells showed no 

change in TEER in response to hyperglycemia and only a slight increase in CFTR current at 

extremely high glucose levels (30 mM). However, CF cells showed increased paracellular flux of 

10 kDa Dextran in response to hyperglycemia, which indicates impaired barrier function. 

Paracellular leak increased when insulin (400 nM) treatment was introduced, with increased flux 

of both Calcein (0.62 kDa) and Dextran (10 kDa) in CF cells under hyperglycemia, consistent with 

our prior results with normal glucose conditioning126. The mechanisms driving defective insulin 

signaling and its negative effects on barrier integrity are not yet understood.  

Many CFRD patients are now taking ETI. Yet, it is still unclear whether the pulmonary 

effects of ETI might be diminished in the context of CFRD. We tested whether hyperglycemia and 

insulin conditioning might impair rescue of CFTR by ETI. Our results show that hyperglycemia 

with or without insulin was not detrimental to rescue of CFTR by ETI. On the contrary, we saw 

slightly higher CFTR currents in the ETI and high glucose CF group when insulin was present.  

However, the airway epithelial barrier integrity might still be compromised. 

The findings in this study suggest that key TJ proteins are dysregulated in response to 

hyperglycemia. Out of the several TJ proteins found to be dysregulated at the mRNA level in CF 
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cells, we further investigated localization of CLDN4 protein to the TJ. CLDN4 is an interesting TJ 

protein because it has been reported to be expressed throughout the airway and to have a protective 

effect against lung injury129,133–135. The lungs of CLDN4 knock-out mice showed increased 

inflammatory markers such as IL-1B and modestly increased paracellular permeability 139. 

Inflammation is a hallmark of CF airway disease, so it is possible that dysregulated expression of 

TJ proteins such as CLDN4 could play a role in the upregulation of pro-inflammatory cytokines 

in the CF airways. Further, other studies have shown that overexpression of CLDN4 increased 

TEER in primary rat alveolar epithelial cells135, while knockdown of CLDN4 using siRNA 

decreased TEER in human distal lung epithelial cells133. Upregulation of CLDN4 expression also 

has been associated with better lung fluid clearance and adequate injury response to mechanical 

stressors and hyperoxia 133,139. All these observations make CLDN4 an interesting target for further 

investigation in CF.  

Employing a novel confocal microscopy technique for protein quantification, we were able 

to measure CLDN4 localization specifically at the membrane periphery of 16HBE cells. Overall, 

our data show increased CLDN4 abundance at the periphery in CF cells at both normal and high 

glucose, compared to WT cells, with ZO-1 abundance following the same trend. However, while 

the average abundance for these two TJ proteins is higher in CF cell membranes, the data are 

widely distributed between cells, suggesting lack of focal, organized localization compared to in 

WT cell membranes. Increased protein expression at the TJs does not necessarily correlate with 

stronger barrier integrity. In contrast, an excessive amount of CLDN4 in CF TJs might lead to 

aberrant barrier integrity, if this impacts other TJ proteins. Interestingly, treatment with ETI 

reversed the increase in CLDN4 abundance seen in CF cells at high glucose and led to tighter 

distribution of localization more closely resembling that seen in WT cells. These observations 
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suggest that modulator therapies that correct CFTR folding and function may have downstream 

consequences on proteins impacted by mutant CFTR and might impact tight junction barrier 

integrity. Future work is needed to assess changes of other essential TJ proteins in response to 

hyperglycemia and ETI treatment. 

To identify differentially expressed genes in CF versus WT cells, we conducted bulk RNA 

sequencing of polarized 16HBE cells conditioned with normal or high glucose. Our results show 

that CF and WT transcriptomes differ under both normal and high glucose culture. The top ten 

differentially expressed genes in CF versus WT cells at normal glucose (based on padj) were 

PTPRG, SRGN, GABRP, APCDD1, PRDX2, PTGS2, PPP4R4, EMP2, CERS6, S100P, LOXL2, 

and PCSK9. The top ten differentially expressed genes in CF versus WT cells at high glucose were 

PTPRG, CERS6, MGAT3, ZNF347, KLK7, TCIM, PRDX2, ZNF677, SORBS3, and GABRP. In 

both cases, PTPRG was the top differentially expressed gene. It was found to be upregulated in 

CF versus WT cells, with a slightly higher log2FoldChange under high glucose versus normal 

glucose (4.82 vs 4.71, respectively). The PTPRG gene encodes a receptor-type protein tyrosine 

phosphatase. This gene plays a role in cell signaling, adhesion, differentiation, growth, and 

oncogenesis140. Further, PTPRG was found to play a role in hepatic inflammation and insulin 

resistance in mouse models141. PTPRG also was found to inhibit Akt signaling to suppress 

carcinoma tumor growth142; inhibition of Akt by increased PTPRG expression could also explain 

defects in insulin signaling that we previously observed in CF cells126. Gene ontology analysis 

identified mesenchymal cell differentiation as a biological pathway dysregulated in CF versus WT 

cells under both normal and high glucose. A possible driver of mesenchymal cell differentiation in 

CF cells could be nuclear factor-kappa B (NF-κB), since it was previously found to drive epithelial-

mesenchymal transition in lung fibrosis143. Further, GSEA Hallmark gene set analysis identified 
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aberrant tumor necrosis factor alpha (TNFα) signaling via NF-κB in CF cells compared to WT 

cells under normal glucose. Interestingly, a previous publication found that NF-κB binds to the 

promoter region of the PTPRG gene and increases PTPRG expression in hepatic mouse tissue141. 

These observations highlight that CF cells might undergo aberrant tissue remodeling even under 

normal glucose culture and that the genes involved in this pathway might also be linked to aberrant 

insulin signaling in CF. Further, decreasing PTPRG expression might be a potential therapeutic 

target to improve insulin sensitivity and reduce airway glucose burden in CFRD. 

Limitations of this study include a relatively short exposure time of airway epithelial cells 

to chronic hyperglycemia, and the use of immortalized cells which may not fully recapitulate in 

vivo airway physiology. WT and CF 16HBE cells were conditioned with normal or high glucose 

media for 5-7 days, which might not be sufficient time to elicit similar changes seen in the airways 

of CFRD patients that have spent years living with this disease. The amount of time we were able 

to condition monolayers with hyperglycemic media was constrained by the system. 16HBE cells 

can only be grown on Transwells for up to 9 days before their TEER decreases. However, our RNA 

sequencing data does show differential responses to glucose conditioning in WT vs CF cells even 

with our short glucose conditioning exposure protocol. Further, we also see changes at the protein 

level by quantifying CLDDN4 expression at TJs. Another limitation worth addressing in the future 

is the lack of proinflammatory factors in our media. These are found in high levels in CF airways 

and have been shown to play a role in regulation of tight junction assembly144,145. Addition of 

immune cells, such as neutrophils, would also better mimic the CF airway environment and 

influence barrier integrity146. Overall, our current study shows that the use of immortalized model 

cell lines such as 16HBE cells in research is extremely valuable; however, further studies are 

needed to confirm our findings in primary cells. This is challenging to accomplish because 
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common base media formulations required to culture primary cells already contain high glucose 

concentration. PneumaCultTM-ALI media, for example, contains 17.5 mM glucose147. We are 

actively working on improving culture conditions to study the effects of hyperglycemia on primary 

airway epithelial cells.  

2.4. Conclusion and Future Directions 

Our current study shows that the use of immortalized model cell lines such as 16HBE cells 

in research is extremely valuable; however, further studies are needed to confirm our findings in 

primary cells. Other essential tight junction proteins could also be investigated in future studies. 

Overall, our data provide meaningful insights into the pathophysiology of CFRD and identify a 

few interesting targets, such as CLDN4 and PTPRG, for further investigation. Gaining a better 

understanding of the pathways that play a role in CFRD will inform future therapeutic agents to 

treat this devastating co-morbidity and improve the quality and length of life of patients with 

CFRD.  
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3. Chapter 3 – Development of a Programmable Automated Cell Culture 

System to Study the Lung Pathophysiology of Cystic Fibrosis Related 

Diabetes 
 

Preface 

The way we culture cells in vitro is not physiologically relevant. This hinders scientific 

research findings. This chapter covers information about the creation and development of an 

automated cell culture system, which can be programmed to change media on the basolateral side 

of Transwells multiple times a day. This novel system addresses the need for automation in cell 

culture, especially to better mimic glucose fluctuations in culture to better mimic human 

physiology. This work contributes a novel invention to the field that could be used for multiple 

applications with minimal modifications. Overall, this system was tested in the context of CFRD. 

Both WT and CF cells could be successfully cultured using this system.  

Full citation 

Vazquez Cegla, A. J.; Hedden, C.; Imhoff, B. R.; Cui, G.; McCarty, N. A. Development 

of a Programmable Automated Cell Culture System to Study the Lung Pathophysiology of Cystic 
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3.1. Introduction 

Cystic Fibrosis-Related Diabetes (CFRD) is the most common Cystic Fibrosis (CF) co-

morbidity, and its pathophysiological consequences are severe148. CF is an autosomal recessive 

disease caused by mutations in the gene encoding the Cystic Fibrosis Transmembrane 

Conductance Regulator (CFTR) 17,149. CFTR is expressed at the surface of epithelial cells 

throughout the body, and is essential to the function of key systems, such as the respiratory and 

digestive tracts150. Recently, pharmacological advances in the CF field have greatly increased the 

life expectancy of people with CF (pwCF)151. As a result, CFRD has become more prominent. 

CFRD starts to develop during early childhood, and about half of pwCF develop CFRD by 

adulthood9,91. This is concerning since CFRD patients experience more rapid lung function 

decline, approximately six-fold greater than pwCF without diabetes, due to more frequent 

pulmonary exacerbations85,90,152. The link between CFRD and accelerated lung function decline is 

unknown, and there are no good in vitro models to study this devastating disease.  

Immortalized and primary airway epithelial cells expressing either WT or mutant CFTR, 

the most common mutation being ΔF508, are available. However, common protocols used in the 

field involve culturing airway epithelial cells using media containing extremely high levels of 

glucose. DMEM for example, a common base media component, contains 450 mg/dL of 

glucose153. This is >3.5 times higher than what is considered the upper limit for normal blood 

glucose at fasting (125 mg/dL)154. Further, cells in vivo experience glucose fluctuations after meals 

and snacks, as shown by continuous glucose monitoring (CGM) data83. In contrast, cells cultured 

in vitro are initially exposed to media with high glucose concentration, which gets progressively 

depleted until the next media change, typically days later155. It is also possible that cells experience 

hypoglycemic periods, especially when cultured in small volumes, which might introduce harmful 
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changes in cell behavior (Figure 3.1). Overall, current patterns of glucose exposure used to study 

CF in vitro do not resemble human physiology. Automation of cell culture, a rapidly growing field, 

could be used to address this issue. 

 Automation has been successfully used to culture adherent cells to tightly control their 

chemical and biological environment156. Custom chambers created using 3D printing and pumps 

are commonly used to control media flow in and out microfluidic chambers157. However, the field 

of cell culture automation has mostly focused on the development of lab-on-a-chip devices for 

high-throughput screening158. Limitations in the field include cost and ease of use of such devices. 

Further, there are currently no effective ways to automate cell culture of airway epithelial cells 

plated on permeable Transwell supports, necessary to better study the effects of CFRD on airway 

physiology.  

To allow for better glycemic control while doing in vitro cell culture, we developed a 

programmable Automated Cell Culture System (PACCS) capable of simulating meal-like glucose 

fluctuations (Figure 3.2). The system uses a combination of peristaltic pumps, pinch valves, and 

a programmable controller to change the media in custom-designed 3D-printed cell culture plates 

multiple times a day. The system requires minimal user intervention and can run meal-like glucose 

fluctuation programs for several days on multiple plates. This novel tool was used to evaluate the 

effects of episodes of acute hyperglycemia in WT and CF immortalized and primary airway 

epithelial cells, but it could be used for a wide range of applications. In this paper, we tested 

changes in the transepithelial electrical resistance (TEER) of airway epithelial monolayers in 

response to PACCS culture, as a measure of health of the epithelium. Overall, PACCS is a cost-

effective and compact novel cell culture tool that addresses major limitations in the cell culture 

field and allows for better simulation of CFRD conditions in vitro. 
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Figure 3.1. Utilization of basolateral glucose by 16HBE immortalized human bronchial 

epithelial cells in Transwells.  

Cells expressing wildtype or ΔF508 CFTR were grown to confluency in Transwells with media 

containing either 100 mg/dL glucose or 250 mg/dL glucose.  At time zero, media bathing the 

basolateral surface was exchanged. At multiple times over the following 48 hours, 100 uL of media 

was removed from the basolateral chamber of the Transwell and assayed for glucose concentration 

using a colorimetric kit (Cayman Chemical; #10009582). Glucose was rapidly depleted from the 

basolateral bathing media, with kinetics slightly different between WT and ΔF508 cells with 250 

mg/dL initial glucose. Importantly, only Transwells with 250 mg/dL glucose media and WT cells 

exhibited basolateral glucose concentrations that are within the normal glucose tolerance (NGT) 

range, as indicated by the black vertical bar at the right of the figure, and even that, only for part 

of the two-day experiment. These results are representative of N=3 with similar outcomes. 
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Figure 3.2. Current cell culture protocols do not resemble CFRD physiology.  

A) Representative plot highlighting glucose depletion on the basolateral side of Transwells during 

traditional in vitro cell culture after receiving hyperglycemic media. Note that cells are exposed to 

hyperglycemic media for an extended period, with progressive depletion of glucose for 72 hours. 

Manual media changes are required. B) Representative blood glucose excursions experienced by 

a CFRD patient over 72 hours. Patterns of fluctuation in and out of the hyperglycemic region, in 

response to meals, are evident in the graph. Data were taken by continuous glucose monitoring 

(CGM). C)  Representative glucose patterns that can be achieved using PACCS, better resembling 

patterns experienced by CFRD patients. This novel approach is automated and requires minimal 

user interaction. Note that in all plots zero represents 140 mg/dL glucose. Any measurements above 

are considered to fall in the hyperglycemia region. The area under the curve on hyperglycemia 

regions was highlighted (created with BioRender). 
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3.2. Materials and Methods 

3.2.1. Cell culture of CFBE immortalized cell line 

Immortalized CFBE41o- Human Bronchial Epithelial cells (CFBE) expressing WT-CFTR 

(CFBE-WT) were kindly provided by Dr. K. Oliver (Emory). Cells were cultured in MEM 

complete media containing 90% MEM (Gibco, 11095-072), 10% FBS (ThermoFisher, 26140), and 

1% Penicillin/Streptomycin (Gibco 15070-063). Cells were expanded in collagen-coated plates 

PureCol (Advanced Biomatrix #5005-B) and 2 μg/mL puromycin (Sigma, P8833) was used as the 

selection agent. For PACCS experiments, cells were plated in collagen-coated Transwells 

(Corning, #3470) at a density of 100,000 cells per well at liquid-liquid interface. The next day after 

seeding, cells were put at air-liquid interface (ALI). Experimental Transwells were transferred to 

PACCS, while control Transwells received manual media changes. Cells were exposed to either 

daily media changes or meal-like glucose fluctuations for 7 days. Selection agent was not added 

to cells undergoing experimentation. 

3.2.2. Culture of primary cells 

Primary human bronchial epithelial cells expressing either WT- (NhBE) or ΔF508-CFTR 

(CFhBE) were kindly provided by Dr. M. Koval (Emory). Cells were expanded and plated in 

Transwells (Corning, #3470) as previously described108. Briefly, previously expanded epithelial 

cells were plated onto Type IV collagen-coated Transwells at a density of 100,000 cells per well 

at liquid-liquid interface using E-ALI media. E-ALI is based on a 50:50 mixture of low-glucose 

DMEM containing 100 mg/dL glucose, without L-glutamine and with sodium pyruvate (Sigma, 

D5546), and LHC Basal Medium (ThermoFisher, 12677–019) containing additives. After 48 hours 

of plating, the basolateral medium was replaced with fresh E-ALI and the apical medium was 

removed to bring the cells to ALI. Media was changed every 2 to 3 days. After 14 days, 
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experimental Transwells were transferred to PACCS while control Transwells received manual 

media changes. Cells were exposed to either daily media changes or meal-like media changes for 

7 days.  

3.2.3. Programmable and automated control of PACCS 

The ValveBank 8 Controller (Automate Scientific, #01-08) was used to make the PACCS 

system programmable and automated. This controller allows the user to make loop programs 

without the need of a computer. The controller was used to control peristaltic pumps (Adafruit, 

#1150) connected to media reservoirs containing normal or high glucose media (5.5 vs 17.5 mM 

glucose, respectively). We used autoclavable Nalgene bottles (Thermo, #2105-0016), but replaced 

the lids with filling/venting closures (Thermo, #2162-0531). Media bottles were connected to the 

pumps and the pumps were connected to the PACCS plate using autoclavable tubing (Cole-Parmer, 

#EW-96440-16). 

3.2.4. Design iterations of PACCS cell culture plate components 

There are no commercially available plates that could be used with our system. Thus, we 

designed and 3D-printed a cell culture plate that contained three main components: a main body 

to hold media, a tray to hold Transwells in place, and a lid to maintain sterility. Design iterations 

were made using Fusion 360 (AutoDESK). Variations between designs were made with the goal 

of reducing media consumption and ensuring good media exchange.  

3.2.5. 3D-Printing 

All design iterations were printed at Emory’s “Tech Lab”. STL files were printed using a 

Form2 printer (FormLabs) and clear standard resin (FormLabs, Product #RS-F2-GPCL-04). 

3.2.6. PACCS quality control 
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Chicago Sky Blue 6B (Sigma, C-8679) and Phenol Red (Sigma, P-5530) dyes were 

dissolved in 500 mL of water to a final concentration of 0.5 mg/mL in separate containers to 

simulate normal and high glucose media, respectively. These blue and red solutions were used to 

test solution exchange in PACCS plate iterations. The ratio of red versus blue absorbance (400 nm 

versus 620 nm) was compared at each Transwell location. Empty Transwells were used at the time 

of testing.  A small amount of sample (100 µL) was collected from the basolateral side and 

transferred to a transparent 96-well plate for absorbance measurements. Absorbance measurements 

were performed using a SpectroMax M2 plate reader (Molecular Devices). 

3.2.7. Running PACCS 

Media bottles were cleaned and autoclaved. To sterilize the PACCS tubing, 70% ethanol 

was run through the lines for 2 minutes, later closing the lines and allowing ethanol to sit inside 

for 15 minutes.  The lines were then drained, and their openings covered with sterile foil. Media 

was added to media bottles and transferred to the incubator. Using the final design iteration, 

running PACCS for 7 days required 170 mL of normal glucose media (5.5 mM) and 170 mL of 

high glucose media (17.5 mM) for one full meal-like plate. An additional bottle with 340 mL of 

normal glucose media (5.5 mM) was required for the control plate. To sterilize the PACCS plate, 

all components were thoroughly sprayed down with 70% ethanol and allowed to airdry inside a 

cell culture hood. Transwells were put at ALI and transferred to the PACCS plate inside the cell 

culture hood. The PACCS plate holding the Transwells was transferred to the cell culture incubator, 

and inputs and outputs were connected. Fasting media (5.5 mM glucose) was introduced into the 

lines using the manual run function on the controller. This ensures that all lines have media before 

starting the PACCS program. The lines were visually inspected for air bubbles, and then the 

PACCS meal-like program was started. This program was designed to change media three times a 
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day for 7 days. The flowrate was ~285 µL/second. The inputs were opened for 28 seconds, 

dispensing ~8 mL of media divided between 2 reservoirs in each plate (~4 mL of media per 

reservoir). The vacuum was run for 20 seconds by itself, and then it overlapped with the inputs for 

12 seconds to wash away any waste media left on the plate.   

3.2.8. Ussing chamber analysis of cells cultured with PACCS and controls 

The electrophysiological properties of airway epithelial cells were assessed by performing 

Ussing chamber analysis using standard protocols159,160. We report only the resistance values here.  

3.2.9.  Data Analysis 

Data were analyzed using both Microsoft Excel and GraphPad Prism. 

3.3. Results 

3.3.1. The PACCS design incorporates several unique components to create a reliable automated 

cell culture platform for mammalian cells plated on permeable Transwell supports  

We developed a novel programmable and automated cell culture system by combining 

several essential components. The main components of PACCS are shown in Figure 3.3. 

Hyperglycemic exposure patterns can be programmed using a commercially available and user-

friendly controller, the ValveBank perfusion controller, which allows the user to create and store 

several programs to change media as often as desired. The controller powers peristaltic pumps that 

connect media storage bottles with the PACCS plate. The controller also powers a pinch valve that 

connects a waste container (fluid flow driven by vacuum) to the PACCS plate (Figure 3.3A). The 

PACCS plate has a main body, a tray, and a lid. The main body of the plate serves as the media 

reservoir, and it has inputs and outputs to allow for fluid exchange (Figure 3.3B). The tray holds 

up to eight Transwells in place (Figure 3.3C), while the lid prevents contamination. The PACCS 
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Figure 3.3. Graphical representation of the PACCS design.  

A) Hyperglycemic exposure patterns (top) are programed using a commercially available 

perfusion controller (middle), which controls fluid flow from media bottles connected to a custom 

3D printed cell culture plate (bottom). The red “Xs” shown on the top graphs represent automatic 

media changes performed by PACCS. B) Images of the PACCS cell culture plate highlighting fluid 

being exchange from fasting to a meal. C) Transwell location (created with BioRender). 
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plate, pumps, valves, and media bottles are small and can be stored inside an incubator, with the 

perfusion controller outside. 

3.3.2. PACCS plate design iterations to reduce media consumption and improve fluid exchange 

An essential element of PACCS is its cell culture plate. There are no commercially 

available plates compatible with our needs. Thus, we designed and 3D-printed our own cell culture 

plate. The evolution of the main body of the plate design is shown in Figure 3.4. The first design 

had a large media reservoir with a slanted surface to drive media flow from the inputs to the output. 

The plate had 2 inputs; one could be connected to a normal glucose media bottle and the other to 

a high glucose media bottle (Figure 3.4A). Transwells cultured at ALI need the bottom of the 

permeable supports to be submerged in media, while the apical side of the Transwell can be left 

exposed to air. The first plate design required ~15 mL of media for Transwells to be submerged in 

media. This was not feasible for future experiments since we needed to perform multiple media 

changes each day for multiple days. Thus, the second plate design incorporated octagon-shaped 

columns to reduce unoccupied space and decrease media consumption. Channels between columns 

were added to allow for fluid to flow (Figure 3.4B). However, when this design was tested with 

mock solutions, media exchange was troublesome. The third plate design replaced the octagon-

shaped columns with cylindrical pillars, increasing the fluid channel width to aid with fluid 

exchange. This design also incorporated overflow safety valves (Figure 3.4C). The first three 

designs could hold twelve Transwells. However, all Transwells were exposed to the same media 

reservoir. Hence, WT and CF cells could not be cultured in the same plate. Thus, design 4 modified 

the main plate body to be able to hold only four Transwells, and it incorporated large side columns 

to reduce media consumption (Figure 3.4D). The design required separate plates for WT and CF 

cells. To reduce the number of plates needed to run an experiment, design 5 had two separate media 
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Figure 3.4. Progression of the PACCS plate design. 

A) The initial design consisted of a large media reservoir with a slanted surface to drive fluid flow. 

This plate was able to accommodate 12 small Transwells, and it had two inputs and one output for 

media exchange. B) The second design incorporated octagon-shaped columns to reduce media 

consumption. C) The third design incorporated cylinder-shaped columns to aid with fluid 

exchange. This version also included a safety mechanism to prevent media overflow. D) The fourth 

design was able to accommodate 4 Transwells and incorporated large columns to the sides to 

minimize media consumption.  E) The fifth design had two separated media reservoirs capable of 

accommodating 4 small Transwells each with their own inputs and outputs. F) The sixth design 

still consisted of two separated reservoirs, but columns were removed to aid with fluid exchange.  

G) Representation of the final design highlighting the main components of the PACCS plate: a lid 

(top), a tray capable of holding 8 small Transwells (middle), and the main body of the plate (created 

with BioRender). 
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reservoirs in a single plate, each able to hold four Transwells (Figure 3.4E). Since the 

media reservoirs are separate, WT and CF cells could now be cultured in the same plate. The safety 

valves were removed from the design, as they proved to be unnecessary in later models. However, 

this plate did not exhibit good fluid exchange. The final plate design removed cylindrical columns 

to optimize fluid flow (Figure 3.4F). Each reservoir had its own input and output for fluid 

exchange. Upon testing with mock solutions, the final plate design showed good fluid exchange, 

and it was able to reduce media consumption requiring around 4 mL of media per reservoir. The 

graphical representation of the final PACCS plate design also shows the tray and lid components 

(Figure 3.4G, Figure 3.5). This plate was used for further experiments. 

3.3.3. Quality control of the final PACCS plate design showed good media exchange from fasting 

to meal-like conditions 

PACCS was initially tested with mock solutions to check that its components were working 

correctly. Testing the system with mock solutions was also beneficial to assess fluid exchange on 

plate iterations. Mock solutions consisted of separate bottles containing either Phenol Red, to 

simulate a meal-like solution, or Chicago Sky Blue, to simulate a fast-like solution. The controller 

was used to create a program to mimic four fasting states and three meals, taking overall 24 minutes 

to run, simulating a whole day of meal-like media changes. The PACCS protocol used to run this 

experiment is shown in Table 3.1. The program could be paused in-between media changes to 

collect samples from each Transwell location. Absorbance readings at 400 nm and 620 nm were 

collected to test red and blue dye abundance, respectively (Figure 3.6). Standard curves showed 

that the absorbance of both dyes followed a linear trend, and that the data collected were within 

the linear range for absorbance (Figure 3.6A). Phenol Red absorbance readings remained low 

during fasting and increased during meals (Figure 3.6B). Chicago Sky Blue absorbances showed 
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Figure 3.5. Technical drawings of the 3D designed PACCS plate. 

A) Main body of the PACCS plate showing multiple side views. B) Main body sectional views 

highlighting surface incline which drives fluid flow. C) PACCS tray. D) PACCS lid. Note: All 

measurements are shown in millimeters. 
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Table 3.1. PACCS settings used to test media exchange in cell culture plate iterations, 

following meal-like fluctuations using blue and red solutions to simulate fasting versus 

meal-like solutions, respectively.  

The settings were programed and stored using the ValveBank controller. Total run time was 24 

minutes, simulating 24 hours of media changes. This program looped seven times, simulating 7 

days of media conditioning. Channel 1 exclusively changed the media on the control plate, 

receiving only blue solution. Channels 2 and 3 were used to change media on the meal-like plate. 

Channel 8 ran the vacuum.  

 

  

Channel 1 (First Input)

Blue Solution for Control Plate

Channel 2 (Second Input) 

Blue Solution for Meal Plate

Channel 3 (Third Input) 

Red Solution for Meal Plate
Channel 8 (Vacuum)

00:00:00.00 Loop Start (07) 00:00:00.00 Loop Start (07) 00:00:00.00 Loop Start (07) 00:00:00.00 Loop Start (07)

00:00:00.00 Open Valve 00:00:00.00 Open Valve 00:00:00.00 Open Valve

00:00:28.00 Close Valve 00:00:28.00 Close Valve 00:00:12.00 Close Valve

00:04:00.00 Open Valve 00:04:00.00 Open Valve 00:03:40.00 Open Valve

00:04:28.00 Close Valve 00:04:28.00 Close Valve 00:04:12.00 Close Valve

00:08:00.00 Open Valve 00:08:00.00 Open Valve 00:07:40.00 Open Valve

00:08:28.00 Close Valve 00:08:28.00 Close Valve 00:08:12.00 Close Valve

00:12:00.00 Open Valve 00:12:00.00 Open Valve 00:11:40.00 Open Valve

00:12:28.00 Close Valve 00:12:28.00 Close Valve 00:12:12.00 Close Valve

00:16:00.00 Open Valve 00:16:00.00 Open Valve 00:15:40.00 Open Valve

00:16:28.00 Close Valve 00:16:28.00 Close Valve 00:16:12.00 Close Valve

00:20:00.00 Open Valve 00:20:00.00 Open Valve 00:19:40.00 Open Valve

00:20:28.00 Close Valve 00:20:28.00 Close Valve 00:20:12.00 Close Valve

00:24:00.00 Loop End 00:24:00.00 Loop End 00:24:00.00 Loop End 00:23:40.00 Open Valve

02:48:00.00 End of List 02:48:00.00 End of List 02:48:00.00 End of List 00:24:00.00 Close Valve

24:00:00.00 Loop End

68:00:00.00 End of List
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Figure 3.6. Final design of the PACCS plate showed good solution exchange between fasting 

and meals.  

A) Standard curve for dyes used for fluid exchange tests: Phenol Red and Chicago Sky Blue. B) 

Phenol Red signal readings after each media change. C) Chicago Sky Blue signal readings after 

each media change. D) Summary of all Phenol Red data combined. E) Summary of all Chicago 

Sky Blue data combined. F) Heatmap showing the intensity readings at each time point for blue 

versus red signals. Data were normalized to the maximum absorbance intensity for the dye alone 

controls (n=8, T-test, **** p<0.0001) (created with BioRender).  
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an opposite trend, remaining high during fasting and decreasing during meals (Figure 3.6C). It is 

worth noting that the absorbance of either dye was never zero due to some spectral overlap between 

the two dyes. However, combining the data for all fasting and meal periods showed very significant 

differences in normalized absorbance, indicating good solution exchange between fasting and 

meals (Figure 3.6D, E). Heatmaps graphing the normalized absorbance readings at each Transwell 

location show that fluid exchange is slightly different at each Transwell location (Figure 3.6F). 

However, fluid exchange was sufficient to move forward and test PACCS with airway epithelial 

cells. 

3.3.4. Immortalized cells and primary airway epithelial cells can be successfully cultured with 

PACCS 

After initial testing of PACCS with mock solutions was completed, PACCS was used to 

culture airway epithelial cells. PACCS media bottles were stored inside the incubator, keeping the 

media at a constant temperature of 37oC. Media bottles were connected to peristaltic pumps, which 

controlled media input into the 3D-printed plate. The PACCS plate was also connected to a vacuum 

waste container, with media suction out of the plate controlled by a pinch valve. These components 

fit inside a cell culture incubator as shown in Figure 3.7A. Only the perfusion controller used to 

create and store the PACCS programs was stored outside of the incubator. Immortalized airway 

epithelial cells expressing WT-CFTR (CFBE-WT) were first used to test whether PACCS could 

be successfully used to culture airway epithelial cells. These cells were chosen because they can 

be grown at air-liquid interface, since only basolateral media can be changed using PACCS. Daily 

media changes were performed by PACCS or by hand (control) for 7 days, with all Transwells 

receiving only 5.5 mM glucose media during initial experiments. Results show that TEER was not 

significantly different between PACCS and control cultures (Figure 3.7B). This result 
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Figure 3.7. Airway epithelial cells can be successfully cultured with PACCS using daily 

media changes or meal-like media changes.  

A) Representative image of PACCS components inside a cell culture incubator. Two media bottles 

can be seen connected to the 3D printed plate. Control plates (media changed by hand) shown on 

the incubator shelf at the right. B) Transepithelial electrical resistance (TEER) of CFBE WT and 

C) primary NhBE cells cultured with daily media changes via PACCS compared to control (daily 

manual media changes), using only media with 5.5 mM glucose. D) TEER of CFBE-WT, E) 

primary NhBE, and F) primary CFhBE cells cultured with meal-like media changes via PACCS 

(alternating between 5.5 mM and 17.5 mM glucose media) compared to PACCS control (media 

changes performed by PACCS at the same time points, but only receiving fresh 5.5 mM glucose 

media) (N=3, T-test, * p<0.05, ** p<0.01) (created with BioRender). 
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demonstrated that PACCS can be successfully used to culture airway epithelial cells, suggesting 

that using PACCS is not detrimental to cell health. We then moved forward to test whether primary 

airway epithelial cells expressing WT-CFTR (NhBEs) could be cultured with PACCS. Following 

a similar experimental approach, results show that NhBEs cultured with PACCS had greater TEER 

than NhBEs cultured by hand (Figure 3.7C). The discrepancy seen between immortalized and 

primary cells might be due to primary cells being more sensitive to changes in temperature and 

carbon dioxide fluctuations that the cells experience when removed from the incubator for culture 

by traditional methods. We then tested both immortalized and primary cells with meal-like glucose 

fluctuation patterns using PACCS. The protocol used to run these experiment is shown in Table 

3.2. The control for this experiment was media changes performed by PACCS at the same time, 

but control plates only received fresh 5.5 mM glucose media at each solution change. TEER for 

CFBE-WT cells decreased (Figure 3.7D), while TEER for NhBE cells was initially much higher 

and increased in response to meal-like glucose fluctuations compared to controls receiving fresh 

5.5 mM glucose media (Figure 3.7E). The difference in responses to PACCS meal-like glucose 

fluctuations between immortalized and primary cells might be due to differential expression of 

tight junction proteins in each model, and it highlights the importance of using primary cells when 

studying airway physiology. Primary cells expressing ΔF508-CFTR (CFhBEs) were also tested 

with meal-like glucose patterns. Results showed no significant differences in TEER in CFhBEs in 

response to meal-like glucose fluctuations compared to control (Figure 3.7F). This result suggests 

that CFhBE lack the same adaptive response to glucose fluctuations as seen in NhBE cells, possibly 

due to CFTR dysfunction and dysregulation of tight junction proteins. Overall, preliminary data 

shows that PACCS can be successfully used to culture airway epithelia, both immortalized and 

primary cells, and exposure to glucose fluctuations leads to different responses in WT and CF cells. 
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Table 3.2. PACCS settings used to culture airway epithelial cells using meal-like glucose 

fluctuations.  

The settings were programed and stored using the ValveBank controller. The program included 

information for 24 hours of media changes. The program looped seven times automatically, 

simulating 7 days of meal-like media conditioning. Channel 1 exclusively changed the media on 

the control plate, receiving only normal glucose media (5.5 mM glucose). Channel 2 controlled 

the input of normal glucose media (5.5 mM) into the meal-like plate. Channel 3 controlled the 

input of high glucose media (17.5 mM) into the meal-like plate. Channel 8 ran the vacuum. 

 

   

  

Channel 1 (First Input)

Low Glucose Control Plate

Channel 2 (Second Input) 

Low Glucose Meal Plate

Channel 3 (Third Input) 

High Glucose Meal Plate
Channel 8 (Vacuum)

00:00:00.00 Loop Start (07) 00:00:00.00 Loop Start (07) 00:00:00.00 Loop Start (07) 00:00:00.00 Loop Start (07)

00:00:00.00 Open Valve 00:00:00.00 Open Valve 00:00:00.00 Open Valve

00:00:28.00 Close Valve 00:00:28.00 Close Valve 00:00:12.00 Close Valve

04:00:00.00 Open Valve 04:00:00.00 Open Valve 03:59:40.00 Open Valve

04:00:28.00 Close Valve 04:00:28.00 Close Valve 04:00:12.00 Close Valve

08:00:00.00 Open Valve 08:00:00.00 Open Valve 07:59:40.00 Open Valve

08:00:28.00 Close Valve 08:00:28.00 Close Valve 08:00:12.00 Close Valve

12:00:00.00 Open Valve 12:00:00.00 Open Valve 11:59:40.00 Open Valve

12:00:28.00 Close Valve 12:00:28.00 Close Valve 12:00:12.00 Close Valve

16:00:00.00 Open Valve 16:00:00.00 Open Valve 15:59:40.00 Open Valve

16:00:28.00 Close Valve 16:00:28.00 Close Valve 16:00:12.00 Close Valve

20:00:00.00 Open Valve 20:00:00.00 Open Valve 19:59:40.00 Open Valve

20:00:28.00 Close Valve 20:00:28.00 Close Valve 20:00:12.00 Close Valve

24:00:00.00 Loop End 24:00:00.00 Loop End 24:00:00.00 Loop End 23:59:40.00 Open Valve

68:00:00.00 End of List 68:00:00.00 End of List 68:00:00.00 End of List 24:00:00.00 Close Valve

24:00:00.00 Loop End

68:00:00.00 End of List
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3.4. Discussion 

We developed a novel cell culture system, PACCS, that enables programed and automated 

media changes to culture airway epithelial cells plated on permeable Transwells. This is a valuable 

tool to study the pathophysiology of many diseases, such as CFRD. Patients with CFRD 

experience blood glucose fluctuations after meals. However, current cell culture protocols do not 

resemble CFRD physiology with respect to exposure to extracellular glucose levels. Thus, CFRD 

research is limited by the in vitro cell culture tools available to researchers. The system we have 

developed addresses this limitation by better mimicking blood glucose fluctuations. The system 

could also be used for other clinical applications, such as timed exposure to small molecules or 

other potential therapeutic agents. 

To our knowledge, this is the first user-friendly, compact, and low-cost cell culture system 

of its kind. This system is an improvement from other existing devices in terms of being easily 

adaptable. Other groups have created automated cell culture systems to culture stem cells161 and 

organoids162; however their set-ups cannot be easily modified to culture airway epithelial cells on 

Transwells and simulate meal-like blood glucose fluctuations. One group was able to develop a 

miniaturized automated cell culture system for 96-well Transwells to culture airway epithelial 

cells163. However, their system is bulky and requires specialized equipment, such as robotic arms 

and a multi-plate media dispensing machine, both of which are not easily accessible by most 

research labs due to their high cost and complex operational requirements. In contrast, PACCS 

components are user-friendly, compact, and easily accessible. The PACCS plate has two separate 

media reservoirs, a tray that holds up to eight Transwells (with 0.33 cm2 surface area), and a lid to 

protect from contamination. The inner surface of the plate reservoirs has a slight incline to drive 
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fluid flow from the input to the outputs. This was a useful addition to our system that greatly 

improved fluid exchange, an improvement from commercially available plates with flat surfaces. 

Even though PACCS offers many advantages over other existing devices, PACCS also has 

some limitations. Currently, the material used to 3D print the cell culture plate is not autoclavable. 

For future studies, we recommend using medical grade resin, such as BioMed Clear (FormLabs), 

which can be autoclaved for easy repeated use. Further, PACCS media consumption is high 

especially when running the meal-like glucose fluctuation protocol. It currently requires 4 mL of 

media per reservoir per media change. This might be burdensome for labs that utilize cells that 

require expensive components in their media. To address this limitation, the plate can undergo 

further optimization to reduce media consumption. 

To decrease media consumption while improving media exchange, the main body of the 

PACCS plate already underwent several design iterations. We found that having plain media 

reservoirs without columns/channels was best to optimize media exchange, even if it increased 

media consumption slightly. Further, we found that adding two separate reservoirs per plate was 

optimal to study two different genotypes (or treatments) in parallel without the possibility of cross-

contamination between cell lines. After the plate design optimization was complete, the final 

PACCS plate iteration was used to culture airway epithelial cells. Both immortalized and primary 

cells were used to test whether PACCS could be used to culture airway epithelial cells. The last 

plate iteration proved to have good fluid exchange and could be successfully used to culture both 

immortalized and primary airway epithelial cells with either daily media changes or meal-like 

glucose fluctuation media changes for up to a week.  

When cells were tested with daily media changes, all at 5.5 mM glucose, there was no 

significant difference in CFBE TEER between the PACCS and control groups. However, NhBE 
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cells cultured with PACCS had higher TEER compared to their control group. This observation 

was unexpected, but it provides further evidence of the utility of PACCS. We hypothesize that 

primary cells might be more sensitive to changes in temperature and carbon dioxide levels; thus, 

they might fare better when cultured with PACCS compared to manual media changes that include 

removal from the incubator. Further, discrepancies in results obtained when using immortalized 

cells versus primary cells highlight the need to always confirm findings in primary cells. 

Interestingly, NhBE cells increased their TEER in response to glucose fluctuations while CFhBE 

cells did not experience changes in TEER, indicating a lack of an adaptive response in CF primary 

cells challenged with meal-like glucose fluctuations.  

Future studies will focus on using PACCS to condition immortalized and airway epithelial 

cells using CFRD-like glucose fluctuations. We will later test other endpoint measurements, 

besides TEER, that could help identify the mechanisms driving CFRD pathophysiology. Tight 

junction proteins, for example, play a role in barrier integrity and are believed to play a role in 

CFRD pathophysiology128,129. We will condition airway epithelial cells using PACCS and will then 

test gene expression changes of essential tight junction proteins, such as claudins and occludins, 

with the goal of identifying potential targets for therapeutic intervention. Overall, PACCS offers a 

novel and accessible platform to better mimic in vivo physiologically relevant conditions to study 

a range of diseases, such as CFRD. 
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3.5. Conclusions and Future Directions 

We developed a programmable and automated cell culture system, PACCS, to better mimic 

physiologically relevant blood glucose fluctuations to study CFRD in vitro. This novel system has 

proven to be successful for cell culture, and it could be used for a wide range of applications. 

Future studies will focus on employing other quantitative techniques to measure differences in WT 

and CF airway epithelial monolayers in response to PACCS meal-like conditioning. Overall, 

understanding the pathophysiology of CFRD would allow us to develop therapies to combat this 

comorbidity, further improving quality of life and life expectancy for pwCF.  

  

  



87 

4. Chapter 4 – Chronic hyperglycemia aggravates lung function in a 

Scnn1b-Tg murine model  
 

Preface 

This chapter is an adaptation of a paper accepted for publication159. The manuscript was 

written by Dr. Guiying Cui. I was involved in collecting data, creating figures, and proofreading 

the manuscript. My most significant contribution to this paper was bulk RNA sequencing analysis 

of mouse lung tissue samples (Figure 4). This work is novel and significant because it addresses 

the increasing need for animal models that recapitulate CF-like lung disease to study CFRD. 

Through this work, we were able to establish a chronic CFRD-like mouse model using the Scnn1b-

Tg transgenic mice overexpressing the epithelial sodium channel β subunit made diabetic by 

injection of streptozotocin (STZ). Interestingly, Scnn1b-Tg diabetic mice had more severe lung 

disease compared to their WT diabetic controls. Further, mice were challenged with intranasal 

PAO1 to simulate a CF-like lung infection. This infection led to severe lung leukocytic infiltration, 

as commonly seen in humans. The model can be utilized for future studies toward understanding 

the mechanisms underlying the lung pathophysiology associated with CFRD and developing novel 

therapeutics for CFRD lung disease. 

Full citation 

Cui, G.; Moustafa, D. A.; Zhao, S.; Vazquez Cegla, A.; Lyles, J. T.; Goldberg, J. B.; 

Chandler, J. D.; McCarty, N. A. Chronic Hyperglycemia Aggravates Lung Function in a Scnn1b-

Tg Murine Model. Am J Physiol Lung Cell Mol Physiol 2024. 

https://doi.org/10.1152/ajplung.00279.2023. 
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4.1.  Introduction 

   Cystic fibrosis-related diabetes (CFRD) is the most common comorbidity in cystic 

fibrosis (CF) and occurs in up to 20% of adolescents and 50% of adults with CF99.  As individuals 

with CF live longer due to the successes of highly effective modulator therapies (HEMTs), age-

dependent complications, such as CFRD, are becoming more prevalent. CFRD patients have 

significantly increased frequency of acute pulmonary exacerbations and mortality due to increased 

rate of pulmonary decline164–166. Even early glucose abnormalities in young patients are associated 

with more severe lung disease167.  

   While airway surface liquid (ASL) glucose is tightly controlled, we found that CF airway 

epithelia expressing ΔF508-CFTR failed to efficiently modulate glucose uptake in response to 

insulin126. In fact, CFTR mutation in the CF lung is a unique player that combined with 

hyperglycemia leads to damaging lung function since diabetic patients without CFTR mutation 

typically do not develop lung complications until late stage of the disease168. Many studies 

proposed recently that high glucose in ASL promotes lung infections, such as by PAO1 and 

SA125,169, worsened chronic lung inflammation, elevated lung oxidative stress, and more170. 

Nonetheless, the mechanisms by which chronic hyperglycemia in CF leads to enhanced lung 

function decline and worse outcomes remain unclear. 

   The recent development of CFTR-knockout (CFKO) models in pig and ferret provides 

new avenues for investigating the pathogenesis of CFRD. However, both CF pigs and CF ferrets 

developed significant bacterial lung infections after birth which require labor-intensive care and 

costly husbandry to keep the animals alive117,119,171,172. Although CFKO mouse models failed to 

present lung phenotype as seen in CF patients, the transgenic mice that over expressed the 

epithelial sodium channel, β subunit in the airway (Scnn1b-Tg) exhibited a CF-like lung 
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phenotype111,173,174. Adult mice exhibit chronic neutrophilic airway inflammation, mucus 

hypersecretion, goblet cell metaplasia and other CF-like lung phenotypes175–178. In addition, the 

advantages of the mouse model are enormous, such as short time to sexual maturity with high 

production of genetically identical offspring.   

   This study aimed to investigate the effects of chronic hyperglycemia on lung damage 

using the CF-like murine model, Scnn1b-Tg mice. We adopted previously used protocols for 

induction of diabetes by injection of streptozotocin (STZ) and successfully developed the first 

chronic diabetes model in Scnn1b-Tg mice up to 8 weeks of age. We then tested the murine lung 

phenotype at multiple levels and our findings suggest that chronic hyperglycemia exaggerates 

murine lung dysfunction.  

4.2. Materials and Methods 

4.2.1. Experimental Animals 

Animals were maintained and studies performed under protocols approved by the Emory 

University Institutional Animal Care and Use Committee (IACUC). All experiments were 

performed according to the principles outlined by the National Institutes of Health guidelines for 

the care and use of animals in biomedical research. Scnn1b-Tg mice (C57BL/6NJ genetic 

background) were originally purchased from the Jackson Laboratory, JAX:005304, and were 

maintained and bred by the Division of Animal Resources at Emory University.  C57BL/6 wildtype 

(WT) age- and sex-matched littermates were used as controls for this study. All animals were 

housed in specific pathogen-free housing with 12-hour light / dark cycles. Animals were fed a 

regular chow diet and given water ad libitum except for predetermined fasting states prior to STZ 

injections89,179.  

4.2.2. Electrogenic Ion Transport Measurements 
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   Transepithelial ion transport studies were performed in freshly excised mouse tracheal 

tissues by Ussing chamber recording as previously described180–182. In brief, tissues were mounted 

on tissue holding sliders (model #P2307) in Ussing chambers (EasyMount P2300, Physiologic 

Instruments, Reno, NV) and bathed on both sides by 4 mL of 140 NaCl solution containing (in 

mM): NaCl 140, KCl 5, K2HPO4 0.36, KH2PO4 0.44, CaCl2 1.3, MgCl2 0.5, NaHCO3 4.2, 

NaHEPES 10, Glucose 10. The pH was adjusted to 7.4 with NaOH. The solution was continuously 

gassed with blood gas (5% CO2 and 95% O2, Airgas USA, Radnor, PA). Tissues were short-

circuited using a multichannel voltage/current clamp (Physiologic Instruments Inc., model VCC 

MC6) and connected to a computerized data acquisition system (Acquire & Analyze software 

version 2.3.8). Tissues were allowed to stabilize for at least 30 minutes before adding compounds 

to isolate specific currents: apical amiloride (Amil) 20 µM, forskolin (FSK) 10 µM on both sides, 

apical CFTRinh172 (INH172) 10 µM, apical Adenosine triphosphate (ATP) 100 µM, and 5-Nitro-

2-(3-phenylpropylamino) benzoic acid (NPPB) 200 µM on both sides were used as indicated. ΔI 

in this study was background subtracted current change, including ΔIAmil, ΔIFSK, ΔIATP-initial, and 

ΔIATP-steady.  

4.2.3. CFRD animal model 

 Adult WT and Scnn1b-Tg mice (≥14 weeks age), including males and females at roughly 

equal proportions, underwent serial intraperitoneal injections of STZ (50 mg/kg body weight) for 

5 days following a 4-hour fast89. Weight measurements were recorded continually one day before 

(day 0) and on different days after STZ injection for a total of 8 weeks. Tail blood glucose levels 

were measured using a commercially available glucometer (Freestyle Lite; Abbott, Alameda, CA) 

on days 0 and ≥ 8 weeks post-STZ administration. Mice that did not demonstrate blood glucose 

values above 200 mg/dl on day 14 were removed from further analysis. The glucometer had a 
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maximum range of ≥450 mg/dl; these values were recorded as 450 mg/dl. Mice were monitored 

for a total of  8 weeks after STZ injection (WT-D and Scnn1b-Tg-D).   

4.2.4. BALF collection and BALF cell counting 

The procedure for collection of Bronchoalveolar Lavage Fluid (BALF) in mice followed 

our prior publication183, with some modification. After euthanasia with isoflurane (NDC 46066-

755-04, Aspen Veterinary Resources, LTD, Liberty, MO 64068), the chest cavity was opened 

carefully without damaging the lungs and a catheter (made with HTX 20G needle in the lab, 

Component Supply company, Sparta, TN) was inserted into the trachea. BALF was collected 

with sterile 1x PBS solution, 1 mL per infusion and two infusion per mouse. The total volume of 

BALF collected was recorded. The total BALF was centrifuged at 400 x g for 10 minutes at 4 °C, 

the supernatant transferred to a new tube, aliquoted, and stored at -80 ºC until subsequent analysis. 

The cytokines in BALF were measured with commercially available Enzyme-linked 

immunosorbent assay (ELISA) kits following the manufacturer’s instructions, including tumor 

necrosis factor alpha (TNF-α, Invitrogen, 88-7324-22), interleukin 8 (IL-8, AFG Bioscience, 

EK732214), and interleukin 1 beta (IL-1β, Sigma, RAB0274).  The cell pellet was resuspended in 

200 µl of cold ACK lysing buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA) on ice 

for ≤10 minutes89,183. The ACK buffer was diluted by addition of 1 mL cold 1x PBS, followed by 

centrifugation. The supernatant was discarded, and the cells were resuspended in 400 µl of 1x PBS. 

The cell suspension (200 µl) was centrifuged at 500 x g for 5 minutes using a Shandon Cytospin 

4 (Thermo Electron Corporation). The slides were briefly air-dried and stained with a modified 

Giemsa stain (Diff Quick; Thermo Scientific, Kalamazoo, MI) and allowed to dry for 24 hours. 

Slides were then read with a Zeiss upright microscope, counting leukocytes on 10 sequential high-

powered (40x) fields. 
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4.2.5. Glucose Determination using Mass Spectrometry 

BALF glucose concentration was determined by isotope-dilution mass spectrometry. 

Metabolites were extracted from a 50 μL aliquot of murine BAL fluid with 100 μL of 1:1 

acetonitrile:methanol containing U-13C6-glucose (Cambridge Isotope Laboratories) at 0.05 mM as 

an internal standard. The extraction mixture was vortexed for 5 seconds, extracted on ice for 30 

minutes, followed by centrifugation at 20,000 g and 4 °C for 10 minutes. A 100 μL portion of 

supernatant was transferred into a new tube and stored at −80 °C. A small, equal volume of each 

sample was pooled with others to make a global quality control sample (QC). Prior to analysis, 

samples were thawed on ice and centrifuged. Then, a 20 µL aliquot of each sample and QC was 

transferred into HPLC vials.  

Data acquisition was conducted using a Vanquish™ Horizon Binary ultrahigh performance 

liquid chromatography system coupled to a Q Exactive High Field Hybrid Orbitrap mass 

spectrometer (ThermoFisher). A 2.5 µL injection was made onto a 5 micrometer, 2.1 × 150-

millimeter iHILIC-(P) classic column (HILICON) at 40 °C. The sample was eluted at a flow rate 

of 0.2 mL/min using a 15-minute gradient of (A) 15 mM ammonium acetate in water, pH 9.4 and 

(B) acetonitrile. Initial conditions were 10% A and progressed to 76.7% A at 12.5 minutes, then to 

90% A at 13 minutes, followed by a 1.5-minute hold and a 5.5-minute re-equilibration of the 

column at 10% A. The column eluate was introduced to a heated electrospray ionization source 

held at 320 °C and −2.75 kV and an ion capillary temperature of 275 °C. The Sheath and AUX gas 

flow rates were 40 and 8 arbitrary units, respectively. The automatic gain control (AGC) was set 

to 1 × 106 ions with a maximum injection time of 200 millisecond. Scan range was 67–1000 m/z 

and Orbitrap resolution was 120,000 full widths at half maximum. Data was collected in Xcalibur 

4.6.67 (Thermo Fisher Scientific).    
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After data acquisition, the MS chromatograms for the (M+H) ions of glucose and U-13C6-

glucose were extracted and the peaks integrated using FreeStyle 1.8 SP2 QF1 and Quan Browser 

4.7.69.37 (Thermo Fisher Scientific). The concentration of glucose in murine BAL fluid was 

calculated by the ratio of the peak areas using Excel for Microsoft 365 (Version 2402).  

4.2.6. Lung tissue RNA sequencing and analysis 

Fresh right caudal and middle lung lobes were collected from both WT-D and Scnn1b-Tg-

D mice after BALF collection and immediately frozen in liquid nitrogen. The tissues then were 

stored at -80 °C and later delivered to the Emory National Primate Research Center (NPRC) 

Genomics Core on dry ice for RNA purification and RNA sequencing (RNA-seq). Tissues were 

homogenized in 350 µL of Buffer RLT and then extracted using the RNeasy Mini kit (Qiagen) 

with on-column DNase digestion. RNA quality was assessed using a TapeStation 4200 (Agilent) 

and then 10 ng of total RNA was used as input for cDNA synthesis using the Clontech SMART-

Seq v4 Ultra Low Input RNA kit (Takara Bio) according to the manufacturer’s instructions. 

Amplified cDNA was fragmented and appended with dual-indexed barcodes using the Nextera XT 

DNA Library Preparation kit (Illumina). Libraries were validated by capillary electrophoresis on 

a TapeStation 4200, pooled at equimolar concentrations, and sequenced with PE100 reads on an 

Illumina NovaSeq6000, yielding ~25 million reads per sample on average. Quality control (QC) 

was performed on all sequencing reads using the FastQC package developed by the Babraham 

Institute bioinformatics group. Reads with poor quality were trimmed and adapter sequences were 

removed by cutadapt. Reads were then aligned to the mouse genome (mm10, GRC38) using STAR 

and quantified by featureCounts184,185. Alignment qualities were checked by QC3186. Significantly 

differentially expressed genes with FDR-adjusted p-value < 0.05 and absolute fold change > 1.5 

were detected by DESeq2187. Heatmap3 was used for cluster analysis and visualization188. Gene 
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Ontology and KEGG pathway over-representation analysis was performed on differentially 

expressed genes using the WebgestaltR package189. 

4.2.7. PAO1 inoculum preparation and PAO1 infection 

For mouse infection, a non-mucoid lab strain of Pseudomonas aeruginosa (PAO1) was 

grown from glycerol stocks on Brain Heart Infusion agar and then cultured overnight in synthetic 

CF sputum (SCFM) at 37 °C shaking at 200 rpm. Subsequently, the overnight cultured PAO1 was 

diluted in synthetic CF sputum (SCFM-2) and incubated without shaking for additional 6 hours to 

reach log phase190.   Mice were anesthetized by intraperitoneal injection of 0.2 mL of a mixture of 

ketamine (6.7 mg/mL) and xylazine (1.3 mg/mL). Mice were intranasally instilled with 50 µl 

PAO1 (~3 x106 CFU/mouse), 25 µl per nostril179,191. Mice were monitored for 24 hours post 

infection with free access to water and water-soaked soft food. Tail blood glucose was measured 

right before euthanasia.  

4.2.8. Histopathological evaluation 

Murine whole lungs were collected under different experimental conditions and were 

inflated with 1 mL of 4 % paraformaldehyde (PFA) in 1x PBS sterile solution through a tracheal 

catheter. The lungs were removed and maintained in 4 % PFA at 4 °C. Tissue sections were 

prepared by the Histology Core of the Emory National Primate Research Center at Emory 

University. In brief, the tissues were rinsed in water and dehydrated through increasing 

concentrations of ethanol. The tissues then were cleared in Xylene (Fisher brand, X3P1GAL) and 

embedded in paraffin (Type 6 Epredia Brand, 8336).  The prepared paraffin blocks were cut into 5 

µm thick slices, paraffin was melted, and samples transferred to the slide. The prepared slides were 

stained with hematoxylin and eosin (H&E) using the Tissue-Tek Prisma Plus Automated Slide 
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Stainer (SAKURA, 6170). Images were taken at the Integrated Cellular Imaging Core of Emory 

University180. 

4.2.9. Source of Reagents 

Unless otherwise noted, all reagents were obtained from Sigma Chemical Co. (St. Louis, 

MO). CFTRinh172 was purchased from Calbiochem (Burlington, MA). VX-770 was obtained from 

Selleckchem (Houston, TX). All chemicals were diluted to a final concentration in experimental 

solution immediately prior to use.  

4.2.10. Statistical Analysis 

   Non-genomics data were analyzed with Sigmaplot 13.1 (SYSTAT, Palo Alto, CA) and 

are reported as mean ± SEM. Statistical analyses were performed using an unpaired Student’s t 

test, one-way ANOVA, and two-way ANOVA. P <0.05 was accepted to indicate statistical 

significance. 

4.3. Results 

4.3.1. Bioelectric studies on mouse tracheas 

   Differences in the genetic background of mice used for experiments may directly affect 

the results and subsequent conclusions192. Reported fractional survival to age 3 weeks of Scnn1b-

Tg mice varied from ~5% to ~85% depending on the mouse strain173,175,192,193. We therefore used 

only Scnn1b-Tg mice on the C57BL/6NJ background and their genetic background-matched 

wildtype (WT) mice as controls. We used only adult surviving mice older than 12 weeks, to avoid 

the possible intrinsic death that is not related to the current experiment condition. 

   To test whether the Scnn1b-Tg mice exhibit other functional differences compared to WT 

mice, we measured the bioelectric properties of freshly excised trachea in Ussing chamber short-

circuit current experiments (Figure 4.1)194.  
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Figure 4.1. Scnn1b-Tg mice exhibit increased Amiloride-sensitive current (ΔIAmil) and 

forskolin-sensitive current (ΔIFSK) compared to WT mice on the same genetic background.  

Ion transport properties of freshly excised tracheal tissues of adult mice were evaluated by Ussing 

chamber recordings, with normal Cl- solution in both apical and basolateral chambers. 

Representative short-circuit current traces are shown in (A) WT and (B) Scnn1b-Tg. Compounds 

were sequentially added to the chamber: 20 µM amiloride (Amil), 10 µM forskolin (FSK), 10 µM 

CFTRinh172 (INH172), 100 µM ATP, and 200 µM NPPB. Summary data are shown for ΔIAmil in 

(C), ΔIFSK in (D), ATP-sensitive initial current (ΔIATP-initial, arrow in A) in (E), and ATP-sensitive 

current at steady state (ΔIATP-steady) in (F). Isc was calculated by subtracting baseline current for 

each compound representing the current right before each drug application.  *, P < 0.05 vs WT 

mice, **, P < 0.01 vs WT mice. n = 6 for Scnn1b-Tg mice. n = 8 for WT mice. 
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Representative short-circuit current recordings of trachea from WT (Figure 4.1A) and 

Scnn1b-Tg mice (Figure 4.1B) are shown in Figure 4.1.  Summary data for amiloride sensitive 

current (ΔIAmil) are presented in Figure 4.1C. The ΔIAmil in Scnn1b-Tg trachea was significantly 

increased compared to WT control but not as high as previous reports which ranged from ~-30 to 

~-180 µA/cm2 from different ages of Scnn1b-Tg mice173,175,192,193. This is consistent with previous 

reports that Scnn1b-Tg mice that survived to adulthood had a more moderate degree of mucus 

obstruction, compared to mice that succumbed prior to adulthood, which could result from lower 

ENaC expression and therefore smaller ΔIAmil currents173.  

A summary of forskolin-stimulated currents (ΔIFSK) is shown in Figure 4.1D; the currents 

were significantly increased in Scnn1b-Tg mice compared to WT. Unlike the previous 

reports166,175, the ΔIFSK currents in our study were insensitive to inhibition by either 10 µM INH172 

or 50 µM GlyH-101 (data not shown). In addition, 2 µM VX-770 did not potentiate the forskolin-

sensitive current in tracheas of WT mice; in contrast, we previously reported that murine CFTR 

directly expressed in Xenopus oocytes was sensitive to both potentiation by VX-770 and inhibition 

by GlyH-101195. These results together suggest that the ΔIFSK currents may not represent CFTR 

currents, perhaps arising from other Cl- currents instead since they were sensitive to block by a 

non-specific Cl- channel blocker, 200 µM NPPB, applied at the end of the experiments (Figure 

4.1A, B). NPPB further blocked the background pre-FSK current in the recordings, suggesting that 

this may be a non-CFTR Cl- current as well.  

We calculated ATP activated Cl- currents in two ways, ΔIATP-initial (the peak current activated 

by ATP) and ΔIATP-steady (the stable current after 5 minutes of exposure to ATP) (Figure 4.1E, F). 

200 µM NPPB blocked the ATP-activated current and no significant differences were seen between 

Scnn1b-Tg and WT mice196. UTP- activated current in mouse trachea was reported to be mildly 
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blocked by the TMEM16A blocker, T16Ainh-A01, suggesting that TMEM16A only contributes 

about 50% of all UTP-induced Ca2+ -activated Cl- current196. Hence, TMEM16A and other Ca2+ -

activated Cl- channels appear be to the dominant Cl- channels in mouse airway. The notion that 

Ca2+-activated Cl- channels dominate in the trachea, instead of CFTR, supports the observation 

that CFKO mice do not exhibit a CF-like lung phenotype171–174. In summary, the ΔIAmil in the 

trachea of adult Scnn1b-Tg mice (≥ 14 weeks) is relatively small compared to previous reports for 

younger animals, suggesting a relatively mild imbalance between Na+ absorption and Cl- secretion 

in the mouse airway, which may result in increased survival197. 

4.3.2. STZ-mediated induction of CF-related diabetes both murine models  

Diabetes was induced in adult mice ranging in age from 14-20 weeks at the start of 

treatment (Figure 4.2A-C). Scnn1b-Tg mice and WT mice were induced to hyperglycemia with 

intraperitoneal injections (IP) of STZ as previously described198. Following a 4-hour fast, STZ was 

administered (50 mg/kg body weight) serially every 24 hours for 5 days. Weight and tail blood 

glucose measurements were recorded on the day before the first day injection (day 0), and then 

subsequently for 8 weeks after completion of treatment. Summary data are shown for body weight 

(Figure 4.2A), tail blood glucose (Figure 4.2B), and percent survival (Figure 4.2C).  WT-con, 

WT-D, and Scnn1b-Tg-con mice exhibited no mortality, while Scnn1b-Tg-D mice less than 18 

weeks age exhibited hyperglycemia-driven mortality. However, when older mice (18-22 weeks) 

were used, no deaths were observed for 8 weeks post-STZ injection although those mice exhibited 

tail blood glucose levels not different from younger mice.  
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Figure 4.2. Chronic diabetic phenotypes in WT and Scnn1b-Tg mice.  

Mice ranged in age 14-20 weeks at the first day of injection with STZ (50 mg/kg body weight). 

(A) Changes in mouse weight during the 8 weeks after STZ treatment. STZ-treated animals (WT-

D and Scnn1b-Tg-D) showed a slight change of body weight with no significant difference than 

untreated controls regardless of genotype (WT-con and Scnn1b-Tg-con). (B) Increase in tail blood 

glucose levels in mice 6 weeks following STZ treatment. No significant difference between WT 

and Scnn1b-Tg mice in control condition (WT-con, Scnn1b-Tg con). At 2 weeks and 6 weeks after 

STZ treatments, tail blood glucose levels were significantly elevated in both WT-D and Scnn1b-

Tg-D mice with no significant difference between genotypes. (C) Survival curves for Scnn1b-Tg 

mice indicate reduced survival in the STZ-treated group. n =5 for WT-con and WT-D. n=8 for 

Scnn1b-Tg control and Scnn1b-Tg-D.  
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4.3.3. Scnn1b-Tg-D mice exhibit increased pulmonary inflammation and infection 

BALF was collected from mice 8 weeks after STZ injection, then analyzed (Figure 4.3). 

The volume of fluid collected was decreased in both Scnn1b-Tg diabetic and non-diabetic mice 

compared to their WT littermates (Figure 4.3A), consistent with a dehydration phenotype 

associated with elevated amiloride-sensitive Na+ currents (Figure 4.1C). Unlike the clear BALF 

solutions from WT-con and WT-D mice, BALF from both groups of Scnn1b-Tg mice looked not 

only turbid but also contained mucus or other solids, supporting the previous reports indicating 

that Scnn1b-Tg mice exhibit mucus dehydration and mucus plugging175,193.  

Both cell density and total cell number in BALF were significantly increased in Scnn1b-

Tg-con and Scnn1b-Tg-D groups compared to WT-con and WT-D (Figure 4.3B, C). No 

differences were seen between the WT-con and WT-D groups. In contrast, the Scnn1b-Tg-D group 

exhibited significantly increased cell density and total cell number compared to the Scnn1b-Tg-

con group. We further quantified specific cell types in BALF using cytospin preparations as shown 

in Figure 4.3D-G. BALF total cells were significantly higher in the Scnn1b-Tg-D group compared 

to the WT-D group. BALF macrophages were significantly decreased in both the Scnn1b-Tg-con 

and the Scnn1b-Tg-D groups. Neutrophils and other lymphocytes were rarely seen in WT-con and 

WT-D group. In contrast, the number of lymphocytes were distinctly increased in Scnn1b-Tg-D 

groups (Figure 4.3G). We did not find evidence of spontaneous bacterial infection in the lungs of 

Scnn1b-Tg-D mice199. However, neutrophil-dominant inflammation and spontaneous bacterial 

colonization by Staphylococcus lentus, Streptococcus mitis, Actinobacillus muris and other species 

were reported previously in Scnn1b-Tg mice175,177,178. Taken together, WT-D mice did not exhibit 

a distinct change in lung phenotype compared to WT-con mice, while hyperglycemia significantly 

worsened the lung inflammation in Scnn1b-Tg-D mice compared to Scnn1b-Tg-con mice. 
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Figure 4.3. Scnn1b-Tg-D mice exhibit elevated lung inflammation.  

Total BALF volume collected from different groups is shown in (A). Quantification of BALF cell 

density and total inflammatory cell numbers is shown in (B) and (C). Quantification of total cells 

and macrophages per 10 microscope fields is shown in (D) and (E).  Neutrophil and lymphocyte 

count per 10 microscope fields from Scnn1b-Tg- con and Scnn1b-Tg-D is shown in (F) and (G).  

Neutrophils and lymphocytes were not observed in WT-con and WT-D mice. *, P < 0.05, **, P< 

0.01, ***, P<0.001. n=9 for WT-con, n=6 for Scnn1b-Tg-con, n=6 for WT-D, and n=6 for Scnn1b-

Tg-D. 
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4.3.4. Bulk RNA sequencing reveals distinct gene expression in WT-D and Scnn1b-Tg-D mice 

To unravel the possible transcriptional changes caused by hyperglycemia in the lung in the 

context of a muco-obstructive phenotype, we performed bulk lung tissue RNA sequencing from 

both WT-D and Scnn1b-Tg-D mice200. Principal component analysis (PCA) showed WT-D and 

Scnn1b-Tg-D clustered separately with some overlap, revealing that the Scnn1b-Tg-D group is 

transcriptionally distinct from the WT-D group (Figure 4.4A). The top differentially expressed 

genes from the comparison, including both up- and down-regulated genes, are shown in the 

volcano plot (Figure 4.4B). Genes shown in blue symbols had a p-value adjusted of less than 0.1, 

while genes highlighted in red symbols had both a p-value adjusted of less than 0.05 and an 

absolute log2 fold change greater than 1.5. Gene Ontology and KEGG pathway analysis identified 

the top ten biological processes (Figure 4.4C), top 10 molecular functions (Figure 4.4D), and top 

10 cell compartments (Figure 4.4E) that are implicated in the Scnn1b-Tg-D phenotype. The up-

regulated genes in Scnn1b-Tg-D mice lung are associated with various intracellular pathways, 

including lung inflammation, remodeling, and glucose homeostasis. For example, Gm40293 is a 

novel transcript affiliated with the long non-coding RNA class which regulate gene expression in 

a variety of ways at multiple levels, including epigenetic and chromosomal remodeling201. The 

upregulated Fgf7 gene encodes fibroblast growth factor 7 which is involved in cell growth, 

morphogenesis, tissue repair and more202. The upregulated Chil4 gene encodes Chitinase-like 4 

which is associated with Th2 inflammatory responses203. In addition, the downregulated Snx31 

gene encodes a protein that may be involved in protein trafficking204. Compared to WT-D, the 

RNA-seq analysis demonstrates distinct transcriptomic mechanisms involved in the lung damage 

in Scnn1b-Tg-D mice in response to chronic hyperglycemia.  
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Figure 4.4. Bulk RNA-seq analysis of WT-D and Scnn1b-Tg-D murine lungs.  

The two groups of mice were monitored for 8 weeks after STZ injection prior to removal of lungs 

and preparation for analysis. (A) PCA analysis of RNA-seq results of WT-D and Scnn1b-Tg-D 

murine lungs. (B) Volcano plots of differentially expressed genes (DEGs). (C) Biological processes 

enrichment analysis of DEGs. (D) Molecular function enrichment analysis of DEGs. (E) Cell 

compartment enrichment analysis of DEGs in WT-D and Scnn1b-Tg-D murine lung. n=6 for each 

group. 
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4.3.5. Scnn1b-Tg-con and Scnn1b-Tg-D mice exhibited histopathological lung features 

In addition to the findings presented above, we further investigated lung histology features 

of mice in the current study. Representative lung sections stained with hematoxylin and eosin for 

WT-con, Scnn1b-Tg-con, WT-D, and Scnn1b-Tg-D mice are shown in Figure 4.5. Unlike in WT-

con mice, sections from both Scnn1b-Tg-con and Scnn1b-Tg-D mice presented terminal 

bronchiole and parenchymal destruction with enlargement of the alveoli. In addition, sections from 

the terminal bronchiole showed increased thickness of the alveolar wall. The phenomena were 

more severe in Scnn1b-Tg-D mice. Sections from WT-D mice exhibited minor changes in terminal 

bronchiole and parenchyma compared to WT-con mice. We speculate here that longer duration of 

hyperglycemia might affect the WT mouse lung phenotype as occurs in late-stage human diabetes 

patients. Our data support prior findings that Scnn1b-Tg mice developed emphysema-like 

structural lung damage with airway inflammation and distal airspace enlargement205,206. 

4.3.6. Pulmonary infection with PAO1 in mouse models 

During the 8 weeks following the STZ injection series, WT-D and Scnn1b-Tg-D mice 

exhibited symptoms of diabetes, such as frequent drinking, eating, and urinating but with a very 

minor decrease in body weight. At the end of 8 weeks, the mice were challenged with lung 

infection using PAO1 via an intranasal route for 24 hours. All 4 groups of mice, WT-con, WT-D, 

Scnn1b-Tg-con, and Scnn1b-Tg-D, showed severe lung infection symptoms, including hunched 

posture, inactivity, and no eating/drinking. At 24 hours post infection, mouse tail blood glucose 

was measured prior to euthanasia and the summary data are shown in Figure 4.6A. Both WT-con 

and Scnn1b-Tg-con mice exhibited mild hypoglycemia (60-79 mg/dl), while both WT-D and 

Scnn1b-Tg-D mice presented extremely high blood glucose levels. We collected BALF fluid and 
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Figure 4.5. Representative lung micrographs of WT-con, Scnn1b-Tg –con, WT-D, and 

Scnn1b-Tg-D mice.  

Lung lobes of control mice or diabetic mice 8 weeks after STZ injection were processed and 

stained with hematoxylin and eosin (H&E staining) for morphological analyses. Parenchymal 

consolidation and more severe interstitial inflammation were observed in Scnn1b-Tg-con and 

Scnn1b-Tg-D mice compared with WT mice.  All samples were visualized at 20x. Scale bars:100 

µm. n=3 for each group. 
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Figure 4.6. Tail blood glucose of mice after 24 hours of PAO1 pulmonary infection and 

BALF glucose for all groups of mice.  

(A) Mice were provided soft food and water during recovery from infection. Tail blood glucose 

was measured right before euthanasia. Both WT-con and Scnn1b-Tg-con groups exhibited mild 

hypoglycemia (60-79 mg/dl glucose), while both WT-D and Scnn1b-Tg-D groups exhibited 

extremely high blood glucose levels. The data suggest that mice were very sick after PAO1 

respiratory treatment. ***, P < 0.001 compared to their control group. n= 10 for WT-con. n=8 for 

WT-D. n=6 for Scnn1b-Tg-D. n=7 for Scnn1b-Tg-D. (B-H) BALF glucose measured with targeted 

Mass-Spectrometry. Data from all groups of mice are shown in (B). (C) BALF glucose in WT 

mice. (D) BALF glucose in Scnn1b-Tg mice. Comparisons of BALF glucose in all control groups 

and in all diabetes groups with and without PAO1 infection are shown (E) and (F), respectively. 

Comparisons of BALF glucose in both control and diabetes mice without PAO1 infection and with 

PAO1 infection are shown in (G) and (H), respectively. *, P < 0.05, **, P < 0.01, and ***, P < 

0.001. The data suggest that all diabetes mice exhibited significantly high glucose concentration 

in their BAL. 
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quantified BALF glucose concentration among all groups of mice using Mass Spectrometry. To 

our knowledge, this is the first time that glucose in BALF from mice was detected by Mass 

Spectrometry. Summary data are shown in Figure 4.6B-H. Data show that BALF glucose 

concentration was significantly increased in diabetic mice, including WT-D and Scnn1b-Tg-D 

compared to their controls (Figure 4.6C, D). This phenomenon was maintained after 24 hours of 

PAO1 infection (Figure 4.6G-H).  In addition, WT-con mice and WT-D mice exhibited 

significantly lower BALF glucose after PAO1 infection compared to no PAO1 infection, which 

was also observed in Scnn1b-Tg and Scnn1b-Tg-D mice although results did not reach significant 

levels (Figure 4.6E, F). Taken together, the data suggests that diabetic mice exhibit high systemic 

blood glucose as well as elevated glucose levels in their airways (Figure 4.6C, D).  Moreover, 

PAO1 in  mice lungs decreased overall BALF glucose abundance, possibly due to bacterial 

consumption of airway glucose as an energy source207. 

We next quantified BALF cell counts, and the summary data are shown in Figure 4.7. 

Compared to pre- infection conditions (Figure 4.3), BALF cell density (Figure 4.7A) and BALF 

total cell number (Figure 4.7B) were overwhelmingly increased in all groups.  No significant 

differences were detected between the groups in reaction to the PAO1 infection. Neutrophils are 

the main cell type presented in every group. We further counted neutrophil numbers per 10 

microscopic fields and the neutrophils number vigorously increased, compared to results without 

infection, without significant differences seen between groups (Figure 4.7C). Macrophage counts 

exhibited similar shifts among groups (Figure 4.7D).  We next tested the concentrations of three 

pro-inflammatory cytokines in the BALF from eight groups of mice (Figure 4.8A, E, H).  Chronic 

diabetes WT (WT-D) and Scnn1b-Tg mice (Scnn1b-Tg-D) did not exhibit a significant increase in 

the level of the tested proinflammatory cytokines in their BALF (Figure 4.8B, F, I).  
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Figure 4.7. Analysis of BALF fluid harvested from the lungs of WT- and Scnn1b-Tg mice 24 

hours after PAO1 intranasally infection.  

Four groups of mice were tested, including WT-con, WT-D, Scnn1b-Tg-con, and Scnn1b-Tg-D.   

No differences were observed in BALF cell density (A), BALF total cell number (B), pulmonary 

neutrophils (PMNs) counts (C), or macrophage count (D) between the four groups.  n=10 for WT-

con. n=8 for WT-D. n=6 for Scnn1b-Tg-con. n=7 for Scnn1b-Tg-D. 
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Figure 4.8. Cytokine concentrations in the BALF from different groups of mice lungs. 

Each point represents an individual mouse (total of 8 groups). (A). The concentration of IL-8 was 

significantly decreased in WT-D-PAO1 mice compared to WT-D no PAO1 mice (B, C). IL-8 

concentration significantly increased in Scnn1b-Tg-D-PAO1 mice compared to WT-D-PAO1 mice 

(C, D).  (E-G) IL-1β.  The concentrations of IL-1β were significantly increased in WT-con-PAO1 

and WT-D-PAO1 mice compared to WT-con mice and WT-D mice, respectively (F). The 

concentration of IL-1β was significantly increased in Scnn1b-Tg-D-PAO1 mice compared to 

Scnn1b-Tg-D mice (G). (H-J) TNF-α.  The Concentration of TNF-α in WT-con-PAO1 was 

significantly increased compared to WT-con (I, J). The concentration of TNF-α in WT-D-PAO1 

was significantly increased compared to WT-D (I). Data are mean ± SEM *, P < 0.05, **, P < 0.01, 

ns, no significant difference, two-way ANOVA test. 
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Moreover, the levels of cytokines of both WT-con and WT-D were significantly 

upregulated or downregulated in their BALF after PAO1 challenge (Figure 4.8B, F, I), while only 

concentration of IL-1β was increased Scnn1b-Tg-D mice after PAO1 challenge (Figure 4.8G). In 

addition, the concentration of IL-8 in Scnn1b-Tg-D-PAO1 was significantly increased compared 

to WT-D-PAO1. Taken together, the data suggest that responses in Scnn1b-Tg mice were alleviated 

possibly due to the adaptation of the endogenous chronic infection and inflammation in the lung 

of Scnn1b-Tg mice208–210 (Figure 4.8).  Unlike pre- infection, lung histological analysis of the 

infected mice all exhibited massive neutrophilic infiltration and parenchymal damage (Figure 4.9). 

These data suggest that the CFU/per mouse of PAO1 loading led to severe lung infection in all 

groups, overwhelming the original lung damage arising from chronic hyperglycemia in the 

Scnn1b-Tg-D mice.  
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Figure 4.9. Representative micrographs of lung sections from WT and Scnn1b-Tg mice with 

PAO1 pulmonary infection.  

Lung lobes of WT-con, WT-D, Scnn1b-Tg-con, and Scnn1b-Tg-D were processed and stained with 

H&E staining for morphological analyses. Both WT-D and Scnn1b-Tg-D mice were 8 weeks after 

establishment of STZ-induced diabetes.  The increase in the terminal bronchiole and parenchyma 

leukocytic infiltrate in response to the infection by PAO1 was seen in all genotypes.  All samples 

were visualized at 20x. Scale bars:100 µm. n=3 for each group.  
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4.4. Discussion 

There is an increasing urgency in fully understanding and developing new treatments for 

CFRD-associated lung function decline in an anticipated “aging” CF population. This study 

demonstrates, for the first time to our knowledge, that chronic hyperglycemia in Scnn1b-Tg mice 

and elevated glucose concentration in the lung (Figure 4.6) aggravates lung damage with increases 

airway cellular inflammation, neutrophilic infiltration, and lung tissue damage and remodeling. 

We also found that the survival rate of chronic Scnn1b-Tg-D mice was related to the age at 

initiation of their diabetes. Older mice exhibited better resistance to diabetes-related death. In 

addition, 24 hours lung infection by PAO1 led to severe lung infection and inflammation in all 

mouse genotypes, including W-RD and Scnn1b-Tg-D. 

Since WT-D mice exhibited a very similar lung phenotype to WT-con, we chose to explore 

changes in gene expression and compared the bulk RNA-seq results from lungs of WT-D and 

Scnn1b-Tg-D mice in this study (Figure 4.4). We expected to see up-regulated genes identified in 

Scnn1b-Tg-D mouse lungs, such as genes related to inflammation and oxidative stress due to the 

significant differences in their lung phenotypes (Figures 4.2, 4.3). Surprisingly, RNA-seq 

identified a very limited number of genes that were up-regulated or down-regulated in Scnn1b-Tg-

D lung compared to WT-D lung. Given that both sets of animals exhibited high levels of 

hyperglycemia, these differences should reflect the impact of imposing a muco-obstructive 

phenotype on top of a diabetic phenotype. The identified genes in RNA-seq are related to multiple 

metabolic processes which support our findings that lungs of Scnn1b-Tg-D mice undergo 

enhanced rates of destruction and remodeling. A previous report showed a limited number of genes 

in the whole lung were significantly different in Scnn1b-Tg mice at postnatal day 42 compared to 

WT littermates, although Scnn1b-Tg mice exhibited dramatic lung phenotypes211. Our findings 
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presented a similar trend in that the number of differentially expressed genes seems discordant 

with the dramatic lung phenotypes in the Scnn1b-Tg-D mice. In addition, the lung tissue collected 

for RNA-seq in this study was first washed two times with PBS for BALF collection, then removed 

and immediately frozen for RNA-seq.  Results may have been affected by this process.  

Our lab and other groups previously reported that hyperglycemia promotes PAO1 bacterial 

growth counted at 6 hours after intranasal inoculum in both hyperglycemia db/db and ob/ob mice 

model168 and pulmonary PAO1 clearance was reduced after 18 hours lung infection in CFKO 

diabetes mice89. We were unable to test the contribution of chronic hyperglycemia in chronic lung 

infection using Scnn1b-Tg-D murine models because all animals exhibited a severe phenotype 

only 24 hours after PAO1 lung infection. Our finding of no significant differences among groups 

regarding leukocyte infiltration (Figure 4.7) could be due to multiple factors. For instance, the 

CFU of PAO1 loaded in the mouse lung could be too high, leading to severe infection response in 

all animals212. In addition, 8 weeks of hyperglycemia and elevated airway glucose did not induce 

end-stage lung damage in Scnn1b-Tg-D mice (Figures 4.3, 4.4, 4.6). Consequently, Scnn1b-Tg-

D mice survived 24 hours with PAO1 infection as did other groups of mice. Although we did not 

test bacterial clearance from the lung in the current study; we speculate that pulmonary bacterial 

clearance could be weakened in the Scnn1b-Tg-D mice179,213. Furthermore, our data showed 

significant increases in the BALF cytokines between WT-D and WT-con, while mild changes in 

the BALF cytokines between Scnn1b-Tg and Scnn1b-Tg-D mice were detected (Figure 4.8). The 

differences could be due to the spontaneous lung infection in the Scnn1b-Tg mice, which 

consistently triggered lung proinflammatory cytokine production175,177,178. Consequently, Scnn1b-

Tg mice lungs failed to increase their response when challenged with PAO1. In contrast, WT-D 
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mice lungs possibly remained bacterial free due to their strong reaction to PAO1 challenge and 

significant amount of cytokines release (Figure 4.8).  

There is no doubt that the murine lung damage will persistently worsen because of systemic 

hyperglycemia and elevated glucose concentration in their lungs. It is worth mentioning that the 

concentrations of cytokines and glucose in the BALF reported in our study are lower than in vivo 

due to dilution of airway supernatant with 1x PBS (2 mL per mouse) during the BALF collection 

process. The airway surface liquid volume in vivo is much lower  (100 ~200 µL per mouse)214. 

This suggests that the BALF glucose concentrations reported in this study are lower than actual 

concentration in vivo by 10-20-fold. Consequently, the airway glucose concentration in the diabetic 

mice used in this study ranged from 5 to 10 mM, which is similar to the glucose concentration 

found in the lungs of CFRD patients91.   In addition, reduction of the bacterial load or use of a less 

virulent strain of PAO1 may enable chronic lung infection in these models179,213.   

4.5. Conclusion and Future Directions 

We established a chronic CFRD-like model utilizing Scnn1b-Tg mice made diabetic by 

injection of streptozotocin. This model can be utilized for future studies toward understanding the 

mechanisms underlying the lung pathophysiology associated with CFRD and developing novel 

therapeutics. With the knowledge gained in this project, more studies are ongoing to identify 

hyperglycemia-specific responses longitudinally on specific region or cell types in the Scnn1b-Tg-

D lung to fully dissect the natural disease history of CF related diabetes lung function decline.  
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5. Chapter 5 – Neutrophil transepithelial migration through monolayers of 

human bronchial epithelial cells is altered by chronic hyperglycemic 

conditioning 
 

Preface 

This chapter contains unpublished data from one of my most recent projects. Data was 

collected in collaboration with several members of the lab, and Dr. Guiying Cui is the primary 

author of this work. She performed cell seeding, neutrophil purification, and transmigration 

experiments. Further, she wrote the original version of this manuscript. I contributed to cell culture, 

experimental planning, figure development, and manuscript editing. Further, I performed all 

immunostaining and confocal microscopy experiments.  

Full citation 

Cui, G.; Vazquez Cegla, A. J.; Dudkin, J.; Tirouvanziam, R; McCarty, N. A. Neutrophil 

Transepithelial Migration Through Monolayers of Human Bronchial Epithelial Cells is Altered by 

Chronic Hyperglycemic Conditioning. [In preparation]. 
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5.1. Introduction 

CF is the most frequent life-shortening autosomal disease in people of European descents, 

caused by mutations in the gene encoding the CFTR epithelial chloride/bicarbonate ion channel215. 

Although CF is a multi-organ disease, the vast majority of morbidity and mortality in people with 

CF is associated with lung disease. Hallmarks of CF lung disease are persistent bacterial infections 

and inflammation driven by the chronic influx of blood PMNs into the airway lumen216. CFRD is 

prevalent in patients bearing the most severe genotypes such as ΔF508-CFTR. Mortality in CFRD 

is due to an increased rate of pulmonary decline suggesting that hyperglycemia exacerbates the 

already disrupted pulmonary physiology in CF90,98,217.  

It is well documented that PMNs are the predominant leukocytes in the lungs of CF 

patients, although the percentage of PMNs among total cells ranged from ~15% to 95% regardless 

of the disease condition. In contrast, limited studies testing airway glucose concentration in CFRD 

patients are available with two opposite findings, airway glucose concentration remained 

unchanged or significantly increased compared to healthy controls40,88,218,219. Similarly, rare 

reports are available studying whether airway glucose abundance correlates with neutrophil 

counts, with controversy in CFRD patients. For example, Prentice and colleagues reported that the 

percentage of neutrophil counts in BAL of children with CF strongly and positively correlated with 

blood hyperglycemia220. In contrast, Nielsen and colleagues reported that systemic hyperglycemia 

seemed to be associated with fewer airway PMNs and less glucose in CF sputum221. Overall, the 

variabilities using samples from CF and CFRD patients’ lungs could be due to multiple factors: 

(1) Patient age (infant, young, adult)222–225. (2)  Disease condition (mild, severe, 

exacerbating)47,226–228. (3) Treatment difference (with systemic antibiotics or not)221,223. (4) Sample 

collection methods (BAL fluid, spontaneous sputum, induced sputum)229–233. (5) Sampled lung 
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location (lower airway, upper airway, alveolar)234. (6) Sample processing, data analysis, and 

more222,225. However, there is no doubt that the excessive neutrophil migration results in 

progressive lung tissue damage and lung function decline, which is worsened in CFRD patients. 

Unfortunately, these human subject studies are unable to address the mechanisms involved in 

modulating the PMN transmigration from blood to the airway.  

Polarized airway epithelia have distinct apical and undersurface domains with tight 

junctions that limit paracellular permeability. Prior work from our lab, the Koval lab, and others 

show that there is a direct link between expression of mutant CFTR and dysregulation of glucose 

homeostasis in human airway epithelial cells and defects in expression and function of tight 

junction proteins40,88,126,235. We found that airway glucose concentrations significantly increased in 

CF-related diabetes mouse models (including CFTR-KO mice and Scnn1b-Tg mice). Interestingly, 

our data also showed that airway glucose serves as a nutrient for nasal introduced Pseudomonas 

aeruginosa (PAO1), since airway glucose concentration significantly decreased with PAO1 

infection in CFRD mice compared to control CFRD mice without PAO1 infection159 . In addition, 

neutrophils were found to be the dominant leukocyte in the CFRD mouse lungs after PAO1 

infection89,159, which agrees with multiple previous publications that study acute infection with 

varied pathogens in mouse lungs236–238. Although human and animal studies clearly showed that 

neutrophils migrated from blood to airway and there is much known about how PMNs traffic from 

blood across the endothelium,  very limited information is available regarding how PMNs migrate 

across epithelial cells239–242. Due to the limitation of human subject studies, researchers have 

established endothelial apical culture (such as HUVECs) and epithelial undersurface culture on 

the Transwells with variety pore sizes to study neutrophils transendothelial and transepithelial 

migration over the last few decades243–246. The studies mainly used cell lines including T84, Calu-
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3, H292, 16HBE, and Caco-2 with limited studies recently start to use primary human nasal 

epithelial and human small airway epithelial cells247–255. 

It is clear that CF and CFRD patients have constant neutrophil recruitment to the lung and 

that the damage produced by PMNs leads to most of the morbidity and mortality in patients90,98,217.  

Previous studies suggest that epithelial cells are actively involved in PMNs transmigration249,256, 

while little is known concerning the mechanism underlying neutrophil-epithelial interactions. We 

hypothesized that bronchial epithelial cells conditioned to hyperglycemia modulate neutrophil 

transepithelial migration and that CFTR genotype, such as CFTR-ΔF508, directly impacts 

neutrophil transepithelial migration. We adopted previously used techniques with modifications to 

established a novel undersurface culture protocol by seeding 16HBE cells (16HBE-WT and 

16HBE-ΔF508) onto the undersurface of collagen-coated Transwell filters (3 µm pore size) which 

can be grown to confluence with normal glucose (NG) or high glucose (HG) media249,251,257. 

Primary human PMNs were induced to transmigrate across epithelia using 100 nM fMLF which 

has been widely studied and used as a chemoattract for neutrophil transmigration258,259. A graphical 

representation of our experimental approach is shown in Figure 5.1. We further established 

primary human bronchial epithelial cells using our novel undersurface culture (NhBE and CFhBE) 

to test PMN transepithelial migration across primary cells260. 
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Figure 5.1. Graphical representation of our novel in vitro neutrophil transmigration 

experimental approach.  
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5.2. Materials and methods 

5.2.1. 16HBE cell culture on the undersurface of Transwells 

16HBE14o- Human Bronchial Epithelial cells expressing wildtype cystic fibrosis 

transmembrane conductance regulator (16HBE-WT) were kindly provided by Dr. Koval (Emory 

University). 16HBE-CFTR ΔF508/V470 (16HBE-ΔF508) cells were obtained from the Cystic 

Fibrosis Foundation (CFF). Both cell lines were cultured following the recommended protocol 

from CFF foundation with some modifications131. (1) We did not coat flasks for 16HBE cells 

culture used in this study. (2) Frozen vials of 16HBE-WT and 16HBE-ΔF508 cells from liquid 

nitrogen were thawed in a 37 ºC water bath and resuspend with 5 ml MEM medium (for 16HBE-

WT) and 5 ml complete DMEM medium (for 16HBE-ΔF508) and plate the cells into flasks, 

respectively. (3) 16HBE-WT cells were cultured in MEM medium for 1 week before starting to 

passage and culture for experimental purpose. (4) 16HBE-ΔF508 cell cultured and passaged in 

complete DMEM media for 2 weeks, then switched to MEM media for 1 week, before starting to 

passage and culture for experiment purpose. MEM media contains 89% MEM (Gibco 11095-072), 

10%FBS (R&D, S11150H), and 1% Penicillin/Streptomycin (Pen/Strep, Gibco 15070-063). 

DMEM media contains the same amount of FBS and Pen/Strep with 89% DMEM (Gibco 11885-

084). Both cells were discarded 12 weeks after thawing.  

For neutrophil transmigration purposes, both 16HBE-WT and 16HBE-ΔF508 cells were 

seeded on the undersurface of Transwells with 3 µm pore size (24 well plate, Corning 3415 and 

12 well plate, Corning 3402). The seeding protocol was adopted from multiple previous 

publication with modifications253,260–262. Transwells were placed upside down onto cell culture 

dishes (Corning 430167) inside the hood. Undersurfaces of Transwells were coated with Collagen 

I at a 1:30 dilution using cell culture water (Purecol, 5005-100 ML). A final volume of 80 µL was 
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used for small Transwells (Corning 3415) and 300 µL was used for large Transwell (Corning 3402) 

added on the undersurface (Transwells upside down) in the cell culture hood and kept inside the 

hood for 2 hours. Transwells were washed three times with sterile water to remove nonbinding 

collagen I and maintained upside down in the hood for cell seeding. Both 16HBE-WT and 16HBE-

ΔF508 were digested with 0.25% Trypsin/EGTA, pelleted at 350 g for 3 minutes, and resuspended 

with complete MEM media. Cells were counted using a hemocytometer and their viability was 

checked using Trypan blue. For 24 well plates with individual Transwell surface area 0.33 cm2, we 

added 175,000 to 200,000 cells in 80 µl of complete MEM media. Transwells were moved to the 

cell culture incubator for ~ 1.5 hours before being flipped back to their original orientation in their 

corresponding plate. For 12 well plates with individual Transwell surface area 1.12 cm2, we added 

about 300,000 to 325,000 cells in 250 µl MEM complete media. Cells were then moved to cell 

culture incubator for ~ 4.5 hours before being flipped back to their original orientation in the 

corresponding plate. Cells were cultured at liquid-liquid interface and the plates were maintained 

in the cell culture incubator for 2 days. We made high glucose MEM media (17.5 mM glucose) by 

adding extra glucose to the above MEM media (5.5 mM glucose). Hereafter, we will refer to the 

MEM media as 5.5 mM glucose and 17.5 mM glucose.  The cells were further cultured in 5.5 mM 

glucose or 17.5 mM glucose for another 6 days or 7 days before neutrophil transmigration 

experiments were conducted. Media was changed every other day. 

5.2.2. Conditionally reprogrammed Human Bronchial Epithelial cells (NhBE/CFhBE) cultured 

on the undersurface of Transwells 

The NhBE/CFhBE cells and E-ALI/5.5 mM glucose media (E-ALI/5.5 mM) were obtained 

from the Koval lab at Emory University. E-ALI/5.5 mM media composition has been described 

previously263. We used the same Transwells (listed above) for the NhBE/CFhBE cell undersurface 
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culture coated with Collagen IV media (Collagen IV, Sigma)126,263. NhBE/CFhBE cells were 

pelleted at 350xg for 3 minutes. The supernatant was removed, and cells were resuspended with 

E-ALI/5.5 mM media. The cell number was counted, and viability was checked using Trypan blue 

and a hemocytometer. NhBE/CFhBE cells were seeded at a density >6000 cells per square 

millimeter264. When using the 24 well plate Transwells (Corning 3415), we added 250,000 to 

300,000 cells in 80 µl E-ALI/5.5 mM media to each individual Transwell, which were then moved 

to the cell culture incubator for ~ 2.5 hours before being flipped back to their original orientation. 

When using 12 well plates Transwells (Corning 3402), we added about 800,000 to 900,000 cells 

in 300 µl E-ALI/5.5 mM media to each individual Transwell, which were then transferred to a cell 

culture incubator for 6.5 to 7 hours before being flipped back to their original orientation264. 

NhBE/CFhBE cells were maintained at liquid-liquid interface for three days before being switched 

to an air-liquid interface (ALI) using E-ALI/5.5 mM media. A volume of 0.5 mL E-ALI/5.5 mM 

(Coring 3402) or 0.2 mL E-ALI/5.5 mM (Corning 3415) was added on the apical side of the 

Transwell. Media was changed every day, and cells were allowed to differentiate over a two-week 

period. The cells were further cultured with E-ALI/5.5 mM or E-ALI/17.5 mM glucose (E-

ALI/17.5 mM, made by adding extra glucose to E-ALI/5.5 mM media) for another 2 weeks before 

neutrophil transmigration.  

5.2.3. HL-60 cell culture and differentiation 

The HL-60 cells including HL-60-WT (expressing WT-CFTR) and HL-60-ΔF508 

(expressing ΔF508-CFTR) were kind gifts from the Chandler lab (Emory University). The culture 

protocol used in this project is adapted from a variety source with modifications265–267. Three media 

compositions were used in the HL-60 cell culture: CM1 contained RPMI-1640 with 10%FBS, 1% 

GlutaMax-1, and 1% Pen/Strep. CM2 (for differentiation) contained RPMI-1640 with 10% FBS, 
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1% GlutaMax-1, and 1.25% DMSO. CM3 contained RPMI-1640 with 20% FBS, 1% GlutMax-1, 

and 1% Pen/Strep. For HL-60-WT cell culture, a frozen vial of HL-60-WT was thawed at 37 ºC. 

Cells were transferred to a 15 ml canonical tube with 10 mL of CM3 media and pelleted at 350 g 

for 5-10 minutes at RT. The supernatant was removed, the pellet was resuspended, and cells were 

transferred to a T75 flask with ~14 ml CM3 and cultured in a cell culture incubator. The HL-60-

WT cells were maintained and cultured in CM3 media for 2 weeks, and then switched to CM1 

media. When working with HL-60-ΔF508, a frozen vial was thawed 37 ºC, and cells were 

transferred to a 15 ml canonical tube with 10 ml of CM1 media. However, only CM1 media was 

used for culture. For differentiation, both HL-60-WT and HL-60-ΔF508 cells were spun down, the 

supernatant was removed, and cells were resuspended with 4 ml CM2. Cell numbers were counted 

using a hemocytometer. The process was repeated to fully remove the antibiotics. Differentiation 

cell density was 400,000/ml in CM2 media which contain 1.25% DMSO. The cells were 

differentiated for 5 days in a cell culture incubator without disturbing until used for experiments. 

The differentiated cells were discarded after 6 days in DMSO if not used for experiments. 

Differentiation was tested by immunostaining and confocal microscopy of the CD35 

differentiation marker. Briefly, dHL-60-WT and dHL-60-ΔF508 were fixed with 4% PFA and 

stained with anti-CD 35 antibody (CD35 monoclonal antibody, ThermoFisher, MA 5-44022). 

Slides were mounted with Vectashield antifade containing DAPI (Vector Laboratories, # H-1200-

10).  

5.2.4. Isolation of human neutrophils 

Healthy human blood neutrophils were purified with Polymorphprep (PMP) according to 

the company’s manual and recommendations from the Tirouvanziam lab268. In brief, blood was 

drawn into EDTA tube, blood was added on top of the PMP, and samples were centrifuged at 400 
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x g for 42 minutes at room temperature. The neutrophil band was collected, mixed with equal 

volume of 0.45% NaCl, and centrifuged at 800 x g for 5-10 minutes. The pellet was resuspended 

for 30 seconds with ice-cold, sterile water to lyse red blood cells. Osmolarity was quickly restored 

using an equal amount of cold 1.8% NaCl, and samples were centrifuged at 800 x g for 5-10 

minutes. Neutrophils were resuspended with cold RPMI-1640, cell numbers were counted, and 

neutrophils were maintained on ice until needed. 

5.2.5. Ussing chamber analysis 

Ussing chamber study was performed following the McCarty lab established technique 180. 

In brief, CFTR-mediated transepithelial short-circuit Cl- current (Isc) was measured under voltage 

clamp conditions (clamping voltage to 0 mV) using a system that includes a VCC-MC6 amplifier 

and EM-RSYS-2 chambers, using P2302T sliders, with P2020-S electrodes (Physiologic 

Instruments, Reno, NV).  Filters were inserted into the chamber and the following solutions added 

(in mM): undersurface solution (referred to as normal chloride solution) composed of 140 NaCl, 

5 KCl, 0.36 K2HPO4•3H2O, 0.44 KH2PO4, 0.5 MgCl2, 1.3 CaCl2•2H2O, 4.2 NaHCO3, 10 glucose, 

10 HEPES, (pH 7.4); apical solution (referred to as low chloride solution) composed of 133 Na 

Gluconate, 5 K Gluconate, 2.5 NaCl, 0.36 K2HPO4•3H2O, 0.44 KH2PO4, 0.5 MgCl2, 5.7 

CaCl2•2H2O, 4.2 NaHCO3, 10 mannitol, 10 HEPES (pH 7.4).  Both solutions were bubbled with 

a 95% / 5% mixture of O2 / CO2 and heated to 37C. After 30 minutes stabilization, compounds 

were applied sequentially, including amiloride (100 µM), forskolin (FSK, 10 µM), and 

CFTRinh172 (10 µM). Data were acquired using the Acquire and Analyze software and exported 

to Excel for analysis. 

5.2.6. dHL-60 cells and PMN transmigration 
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Transmigration of both dHL-60 (dHL-60-WT and dHL-60-ΔF508) cells and PMNs took 

place at 37 °C inside a cell culture incubator with 5% CO2. Prior to transmigration, the resistance 

of every Transwell (Corning 3402) was measured with an EVOM (EVOM2, World Precision 

Instrument). Transwells with resistance lower than 600 Ω were not used for the experiment126,235. 

The Transwells were moved to new plates and equilibrated with RPMI-1640 for 30 minutes in a 

cell culture incubator. After equilibration, the solution in the basal chamber was replaced with 100 

nM fMLF (or 100 nM LTB4 depending on the experiment) dissolved in RPMI-1640. Either dHL-

60s or PMNs in RPMI-1640 were added to the apical side of the Transwell. Plates were moved 

back to a cell culture incubator for transmigration for 1-6 hours. After transmigration, Transwells 

were carefully removed from the plate without transferring any apical solution or cells to the 

bottom well. Then, the solution at the bottom of each well, containing transmigrated cells, was 

collected into separate tubes. Wells were washed with fresh RPMI-1640 to collect any remaining 

cells and that wash solution was transferred to its corresponding tube. Next, cells were pelleted at 

800 x g for 5 minutes at 4 °C, the supernatant was carefully removed, and cells were resuspended 

with 200 µl fresh RPMI-1640. Cell numbers were then counted using a hemacytometer. After cell 

counting, randomly selected cell samples were centrifuged at 500 x g for 5 minutes onto 

microscope slides using a Shandon Cytospin 4 (Thermo Electron Corporation). Slides were then 

stained using Diff staining89,159. The slides were imaged using a Zeiss AXIO Observer A1 

microscope on 40x fields. Images were taken using Axiocam 305 color camera and ZEN 

v3.8.99.01000 software.  

5.2.7. Immunostaining and confocal microscopy 

16HBE cells or primary cells (NhBE and CFhBE) were seeded on Transwells (Corning 

3415) for immunostaining and confocal microscopy. Around 2.5 million PMNs were incubated 
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with 0.5 µM live cell stain CellTracker (CellTracker Green dye, C7025, ThermoFisher Scientific) 

diluted in 1 ml RPMI-1640 for 30 minutes in a well of a 24 well plate in the cell culture incubator. 

After staining, the CellTracker- labeled PMNs were collected and pelleted at 800 x g for 5 minutes 

at 4 °C. Next, the supernatant was carefully removed, and neutrophils were resuspended with 0.5 

ml RPMI-1640 and pelleted at 800 x g for 5 minutes at 4 °C. The wash process was repeated 3 

times to completely remove CellTracker. Neutrophils were resuspended with RPMI-1640, cell 

number was counted using a hemocytometer, and 75,000 to 100,000 cells were added in 100 µl 

RPMI-1640 to the apical chamber of Transwells with 16HBE cells or primary cells cultured at 

their undersurface for PMNs transmigration experiments. The transmigration duration was set to 

2 to 2.5 hours. Images were taken in the integrated Cellular Image core facility of Emory 

University using a Nikon SoRa confocal microscope using a 40X water immersion objective.  

5.2.8. Source of Reagents 

Unless otherwise noted, all reagents were obtained from MilliporeSigma. IL-1β was 

purchased from BioLegend (Cat# 579402). 

5.2.9. Statistical analysis 

Data are presented as mean ± SEM and were analyzed with Sigmaplot 13.1 (SYSTAT, Palo 

Alto, CA). Statistical analyses were performed using an unpaired Student’s t test. P < 0.05 was 

accepted for an indication of statistically significant difference. 
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5.3.Results 

5.3.1. 16HBE cells formed monolayer cultured on the inside and undersurface of Transwells with 

3 µm pore size 

Our lab has well-established protocols to culture a variety of epithelial cells on 0.4 µm pore 

size Transwells to form monolayers, including FRT, NuLi/CuFi, and 16HBE cells126,180,235. 

However, these Transwells were not compatible for neutrophil transmigration experiments since 

the pore size is too small for neutrophils to migrate across it. To establish the cell culture model 

for neutrophil transmigration, we chose to use Transwells with 3 µm pore size and 0.33 cm2 surface 

area (Corning 3415) which fit our Ussing chamber recording system and seeded 16HBE cells on 

either the inside or undersurface of the insert coated with Collagen I. We then measured resistance 

and the bioelectric properties of the two different monolayers with the Ussing chamber technique. 

Figure 5.2 shows representative short circuit current recordings of 16HBE-WT (Figure 5.2A) and 

16 HBE-ΔF508 (Figure 5.2D) cultured on the undersurface of the Transwell inserts. Summary 

data for resistances (R, Ω•cm2) of cells cultured on apical or undersurface of the Transwell insert 

are presented in Figure 5.2B for 16HBE-WT and Figure 5.2E for 16HBE-ΔF508. Resistances of 

16HBE-WT cultured traditionally were significantly higher than that of cultured undersurface, 

while no significant differences were seen in 16HBE-ΔF508 cell cultured in the two modes. 

CFTRinh172 sensitive current (ΔIINH172) are presented in Figure 5.2C for 16HBE-WT and Figure 

5.2F for 16HBE-ΔF508. In summary, the data presented here clearly indicated that monolayers 

formed substantial barrier properties when either 16HBE-WT or 16HBE-ΔF508 cells were 

cultured on the undersurface of Transwell inserts with 3 µm pore size. We successfully built a 

novel cell model for testing neutrophil transmigration, and all experiments described below used 

undersurface culture approach unless otherwise stated. 
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Figure 5.2. 16HBE monolayer integrity was investigated by Ussing chamber recordings.  

Cells were cultured traditionally (traditional) or undersurface (undersurface) of Transwell inserts 

(3 µm pore size) in 5.5 mM glucose media. Representative current traces recorded on 16HBE-WT 

(A) and 16HBE-ΔF508 (D) monolayers cultured on the undersurfaces of Transwell inserts. 

Summary data for resistances (R) of 16HBE-WT (B) and 16HBE-ΔF508 (E) are shown. Summary 

data for CFTRinh172 (INH172) inhibited current of 16HBE-WT (C) and 16HBE-ΔF508 (F) are 

shown (n = 6 for traditional culture and n = 6 for undersurface culture for 16HBE-WT. n = 6 for 

traditional culture and n = 4 for undersurface culture for 16HBE-ΔF508. *** P<0.001. ns, no 

significant difference). 
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5.3.2. Differentiated HL-60 cells transmigrated across 16HBE monolayer 

Differentiated HL-60 cells expressing WT-CFTR (dHL-WT) shared neutrophil-like 

features and were previously used for studying transepithelial migration265,269. In addition, while 

HL-60 expressing ΔF508-CFTR (HL-60-ΔF508) were made available recently, no reports have 

been made so far using differentiated HL-60-ΔF508 (dHL-60-ΔF508) for transepithelial 

migration267. Both dHL60 cell lines tested positive for CD35 expression, a marker for 

differentiation, by immunostaining and confocal microscopy (Figure 5.3). We tested the 

transepithelial migration of dHL-WT cells across 16HBE-WT monolayer and dHL-ΔF508 cells 

across 16HBE-ΔF508 monolayer (Figure 5.4). As shown in Figure 5.4A, no direct correlation 

was seen between transepithelial resistance, and the total number of dHL-60 cells transmigrated 

across 16HBE cell monolayers in 6 hours. In addition, the total number of transmigrated dHL-60 

cells increased according to the number of dHL-60 added to the apical chamber when the 

experiment was initiated, which exhibited a dose-dependent increase over a 6-h duration (Figure 

5.4B). This phenomenon was consistent in both the 16HBE-WT/ dHL-WT group and the 16HBE-

ΔF508/ dHL-ΔF508 group. However, the total number of transmigrated dHL-60 cells were 

extremely low even at 1 million dHL-60 added on the apical chamber for transmigration. Next, we 

tested effects of dHL-60 transepithelial migration on the resistance of 16HBE-WT (Figure 5.4C) 

and 16HBE-ΔF508 (Figure 5.4D) monolayers. The resistances of both monolayers significantly 

decreased after a 6-h transmigration compared to that of pre-transmigration. In summary, the 

efficiency of dHL-60 transmigration across epithelial monolayers was measurable but very low 

compared to PMNs, which is supported by previous report270. Hence, we turned to primary PMNs 

for further experiments. 
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Figure 5.3. Representative images of differentiated HL60 (dHL60) cells, expressing either 

WT or ΔF508 CFTR, stained positive for the differentiation marker CD35.  

A) DAPI staining (blue) in dHL60-WT cells. B) CD35 staining (green) in dHL60-WT cells. C) 

Overlay of blue and green channels for dHL60-WT cells. D) DAPI staining (blue) in dHL60-

ΔF508 cells. E) CD35 staining (green) in dHL60-ΔF508. F) Overlay of blue and green channels 

for dHL60-ΔF508. Scale bar is 20 µm. 
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Figure 5.4. Differentiated HL-60 cells transmigrated across 16HBE monolayers cultured in 

5.5 mM glucose condition.  

HL-60 cells were differentiated with 1.25% DMSO for 5 to 6 days (including HL-60 cells 

expressing WT-CFTR, dHL-WT, and HL-60 cells expressing CFTR-ΔF508, dHL-ΔF508). (A) No 

direct correlation was seen between dHL-60 (dHL-WT transmigrated across 16HBE-WT; dHL-

ΔF508 across 16HBE-ΔF508) transmigration in response to 100 nM fMLF and the resistance of 

16HBE cell monolayers (>600 Ω•cm2) over a 6-h duration. (B) dHL-60 transmigration efficiency 

exhibited a dose-dependent increase over a 6-h duration. Data points represent n = 6 to 9 for each.  

Effects of dHL-60 transepithelial migration on the resistance of epithelia in 6-h duration (C, 

16HBE-WT with dHL-WT; D, 16HBE-ΔF508 with dHL-ΔF508) (*** P<0.001). Each symbol 

represents one experimental measurement.   
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5.3.3. Transmigration of healthy human neutrophils across 16HBE cell monolayers 

Healthy human blood neutrophils have been studied for decades and techniques for 

purifying neutrophils are well established268. We adopted the techniques optimized by our 

colleagues and used 1 million PMNs per Transwell (Corning 3402) for the current study to 

determine: a) the effects of PMN transepithelial migration on the resistance of the monolayers, b) 

the efficiency of PMN transmigration across 16HBE monolayers268. We measured the resistance 

of epithelial monolayers, collected the transmigrated neutrophils at different time points, and 

counted total cell number using a hemocytometer. Both 16HBE-WT and 16HBE-ΔF508 

monolayers were cultured in normal (5.5 mM) as well as high glucose (17.5 mM) media. The data 

are shown in Figure 5.5.  Representative data group for 16HBE-WT (Figure 5.5A) and 16HBE-

ΔF508 monolayers (Figure 5.5B) are presented. Monolayer resistance dropped most dramatically 

within the first hour of experiment and then continued a slow decrease in both monolayer types. 

Summary data for the ratio of resistance changes due to PMN transepithelial migration are shown 

in Figure 5.5B (16HBE-WT) and Figure 5.5E (16HBE-ΔF508) cultured in 5.5 mM or 17.5 mM 

glucose media. Compared to high glucose cultured monolayers, the trends for resistance change 

were mild in both monolayer types cultured in normal glucose. Ratio of resistances (Rpost/Rpre) of 

monolayer types cultured in normal glucose were significantly higher than those conditioned to 

high glucose irrespective of CFTR genotype. Moreover, the normalized resistances for 16HBE-

WT monolayers were significantly higher than those for 16HBE-ΔF508 monolayers under the 

same culture condition and transmigration durations (Figure 5.6).   

We collected the transmigrated neutrophils at different time points and counted cell 

numbers with a hemocytometer. As shown in Figure 5.5C and Figure 5.5F, the number of 

transmigrated neutrophils at the 1-h timepoint was very low; no significant differences were seen 
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Figure 5.5. PMN transmigration across 16HBE cell monolayers cultured in 5.5 mM and 

17.5 mM glucose condition. PMNs were induced by 100 nM fMLF to migrate in the 

basolateral-to-apical direction across cell monolayers.  

Addition of 1 million PMNs in 200 µL RPMI-1640 media per well was tested (12 well plate). 

Representative resistance response for 16HBE-WT monolayers (A) and 16HBE-ΔF508 (D) 

monolayers generated by PMNs transepithelial migration over different durations. Time-

dependent changes in resistance (Rpost/Rpre) and the total number of transmigrated PMNs are shown 

for 16HBE-WT (B, C) and 16HBE-ΔF508 (E, F) conditioned in NG media (red line) or HG media 

(green line) (n = 8 to 12 for each; * P < 0.05, **P < 0.01, *** P < 0.001 comparing NG vs HG; # 

P < 0.05; ## P < 0.01 compared to the number of neutrophils transmigrated across empty wells 

(collagen coating alone). 
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Figure 5.6. Resistance changes in airway epithelial cell monolayers conditioned with 

normal or hyperglycemia at different transmigration time points.  

A) Normalized resistance (resistance post transmigration/resistance pre transmigration) for 

16HBE-WT and 16HBE-ΔF508 monolayers conditioned with normal glucose (5.5 mM). B) 

Normalized resistance (resistance post transmigration/resistance pre transmigration) for 16HBE-

WT and 16HBE-ΔF508 monolayers conditioned with high glucose (17.5 mM) (n = 8 to 12 for 

each, **P < 0.01, ***P < 0.001). 
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 in 16HBE-WT or 16HBE-ΔF508 monolayers regardless of cell culture condition. The total 

number of transmigrated PMNs at a 6-h for 16HBE-WT monolayers cultured in 17.5 mM glucose 

was significantly higher compared to 5.5 mM glucose. In contrast, the total number of 

transmigrated PMNs at 6-h duration for 16HBE-ΔF508 cultured in 5.5 mM glucose was 

significantly higher compared to 17.5 mM glucose cultured cells. These results suggest that the 

interaction between neutrophils and epithelial cells are sensitive to glucose conditioning, but the 

response to high glucose is dependent upon CFTR genotype. We further compared the numbers of 

neutrophils transmigrated across epithelial monolayers with the number of neutrophils 

transmigrated across empty Transwells with collagen coating only. The numbers of neutrophils 

that transmigrated across 16HBE-WT monolayers, cultured under either 5.5 mM or 17.5 mM 

glucose, were significantly higher than that of empty Transwells. This suggests the presence of 

productive interaction between PMNs and epithelial cells that lead to faster transmigration across 

two barriers compared to only one. However, in 16HBE-ΔF508 cells, this phenomenon was only 

seen in monolayers cultured under 5.5 mM glucose and not under 17.5 mM glucose (Figure 5.5F). 

We next tested the possible correlation of resistance and total number of transmigrated neutrophils 

at 4-h (Figure 5.7A) and 6-h time points (Figure 5.7B). Like dHL-60 cells, no direct correlation 

was seen for 16HBE-WT and 16HBE-ΔF508 monolayers cultured in either 5.5 mM or 17.5 mM 

glucose conditions.  
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Figure 5.7. No direct correlation between PMN transepithelial migration rates and the 

electrical resistance of 16HBE cell monolayers.  

This was true over a 4-h (A) or a 6-h (B)  transmigration duration induced by 100 nM fMLF. Both 

16HBE-WT and 16HBE-ΔF508 cells cultured in 5.5 mM glucose and 17.5 mM glucose formed 

monolayers with resistances (>600 Ω•cm2) measured with EVOM2 before PMN transmigration. 

Monolayers with resistances below 600 Ω•cm2 were not used in the study. Each symbol represents 

one experimental measurement. 
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To view live neutrophils actively transmigrating across the 16HBE cell monolayer, we 

employed CellTracker live cell staining to label neutrophils with green fluorescence before 

transmigration271. After 2-hour transmigration, neutrophils and epithelial cells were fixed. The 

monolayer was then stained for Zonula Occludens-1 (ZO-1), shown in red, and the nuclei were 

stained with DAPI, shown in blue. Representative images collected with confocal microscopy are 

shown in Figure 5.8. ZO-1 staining clearly marked the cell boundaries formed in the monolayer 

(Figure 5.8B) and green color neutrophils are seen migrating across the tight junction (Figure 

5.8C). Orthogonal views of the images in the YZ direction (Fig. 5.8E) and the XZ direction 

(Figure 5.8G) showed neutrophils transmigrating through the tight junction formed by the 

monolayer as highlighted by the orange arrows. No neutrophils were seen transmigrating across 

epithelial cell bodies in the study. 

Taken together, the data suggest: (a) The tight junctions formed by 16HBE-WT monolayers 

were healthy and exhibited more elasticity to accommodate neutrophil transmigration than empty 

Transwells when they were cultured under either glucose condition. (b) 16HBE-WT cells adapted 

to the hyperglycemia challenge, and their resistance changes well matched the number of 

transmigrated neutrophils in a 6-h duration. (c) The tight junctions formed by 16HBE-ΔF508 cells 

cultured under normal glucose competently facilitated neutrophil transmigration, although their 

remaining resistance ratios remained low. (d) The tight junctions of 16HBE-ΔF508 cells cultured 

in hyperglycemia failed to facilitate neutrophil transmigration with no difference detected 

compared to neutrophils transmigrating across empty Transwells with coating only. The findings 

were also supported by our recent findings that 16HBE-WT cells, not 16HBE-ΔF508s, exhibited 

adaptation upon hyperglycemia challenge to maintain barrier integrity (Chapter 2). 
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Figure 5.8. Representative confocal microscopy images of neutrophils transmigrating 

across a 16HBE-WT monolayer induced by 100 nM fMLF.  

(A) DAPI staining shown in blue, labeling the location of nuclei. (B) ZO-1 staining shown in red, 

labeling the location of tight junctions. (C) CellTracker staining shown in green, labeling the 

location of PMNs. (D) Overlay of the previous three fluorescence channels (note that images A, 

B, C, and D are maximum projections in the Z direction). (E) Enlarged a Z-plane with all channels 

overlayed. (F) YZ orthogonal view of overlay image showing a neutrophil transmigrating through 

the monolayer as highlighted by the yellow lines. (G) XZ orthogonal view of overlay image 

showing neutrophils transmigrating through the monolayer as highlighted by the yellow lines. 

Scale bar: 10 µm. 
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5.3.4. The neutrophils transmigrated across epithelial monolayer exhibited altered morphology  

Previous studies reported that neutrophils exhibit a unique behavior (identification of the 

“GRIM” fate) and turn pathogenic early on upon exposure to the CF airway milieu47. In addition, 

the PMNs transmigrated across HUVEC endothelial monolayers in response to TNF exhibited a 

significant decrease in the percentage of apoptosis compared to naïve PMNs treated with TNF 

without transmigration272. We collected and observed the morphology changes of the 

transmigrated PMNs across airway epithelial cells (Figure 5.9). Unlike the naïve PMNs shown in 

Figure 5.9A,D and the PMNs transmigrated across empty Transwell with coating only (Figure 

5.9B, E), the PMNs transmigrated across epithelial monolayers displayed enlarged cell size with 

large empty looking vesicles and rough plasma membranes. Moreover, the size of the nucleus in 

the transmigrated PMNs also increased while maintaining normal polymorpho-nucleus character 

which is different from the apoptotic PMNs with unique condensed single nucleus. Surprisingly, 

we found net-looking structures presented in some transmigrated PMNs while the cells appeared 

to retain intact morphology. The unique morphologies were clearly different from the well-known 

neutrophil extracellular traps (NETs) arising from suicidal NEtosis and vital NEtosis process273.    
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Figure 5.9. PMNs transmigrated across epithelial monolayers in response to fMLF 

exhibited changes to morphology unlike that of naïve PMNs and PMNs transmigrated 

across empty Transwells.  

PMNs were cytospun to slides and stained with Diff Quik. (A) Naïve PMNs. (B) Transmigrated 

PMNs collected after 6-hours across empty Transwells with coating only, (C) 16HBE-ΔF508 

monolayers conditioned to 5.5 mM glucose. Zoomed in images for each corresponding sample are 

shown in (D-F). Orange arrow: empty looking vesicles. Blue arrows: possible net release. Top 

scale bars: 20 µm. Bottom scale bars: 10 µm. 
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5.3.5. Healthy human neutrophil transmigration across primary human bronchial epithelial 

monolayers 

The data thus far suggest that tight junctions formed by 16HBE cells facilitated neutrophil 

transmigration across the monolayers. We asked whether this behavior is maintained or 

recapitulated in primary airway monolayers, including healthy primary bronchial epithelial cell 

expressing normal CFTR (NhBE) and CF primary bronchial epithelial expressing CFTR-ΔF508 

(CFhBE). Primary cells in a basal state from heathy donors as well as CF patients were propagated 

using rho kinase inhibitors and irradiated fibroblasts (“conditional reprograming conditions”, 

CRC) to generate cells that can subsequently be differentiated into a mature heterogeneous 

pseudostratified mucociliary monolayer263. Both NhBEs and CFhBEs were seeded onto the 

undersurface of Transwell inserts with 3 µm pore size. After differentiation in ALI culture under 

conditions E-ALI media containing 5.5 mM glucose for 2 weeks, Transwells were either 

continually cultured in E-ALI media containing 5.5 mM glucose or switched to E-ALI media 

containing 17.5 mM glucose for another 2 weeks before conducting neutrophil transmigration. 

Results for healthy PMN transmigration across NhBE monolayers induced by 100 nM 

fMLF are shown in Figure 5.10. In a 6-h duration transmigration, the total number of neutrophils 

transmigrated across NhBE monolayers conditioned in E-ALI/17.5 mM glucose was significantly 

higher when compared to that of the E-ALI/5.5 mM glucose group (Figure 5.10A). The resistances 

of Transwells measured in pre- as well as post-transmigration of NhBE monolayers cultured in 5.5 

mM glucose are shown in Figure 5.10B and the resistance for the 17.5 mM glucose group are 

shown in Figure 5.10C. Like 16HBE-WT cultured in 5.5 mM glucose, the resistances for NhBE 

monolayers significantly decreased after 6-h neutrophil transmigration compared to pre- 

transmigration. 



142 

 

Figure 5.10. PMN transmigration across NhBE monolayers in response to 100 nM fMLF. 

Cells were seeded and cultured at air-liquid interface (ALI) with E-ALI media (E-ALI/5.5 mM 

glucose) on the undersurface of Transwells for differentiation for 2 weeks. Half of the Transwells 

were continually maintained in E-ALI/5.5 mM glucose and the other half were switched to E-

ALI/17.5 mM glucose for 2 weeks. (A) The number of transmigrated PMNs across E-ALI/17.5 

mM glucose was significantly higher than that of E-ALI/5.5 mM glucose. The post-transmigration 

resistances were significantly lower compared to the pre-transmigration in the E-ALI/5.5 mM 

glucose (B), but not in the E-ALI/17.5 mM glucose group (n=6 for 5.5 mM glucose, n=5 for 17.5 

mM glucose; (*** P>0.001, ns=no significant difference).  
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We next used CellTracker to label neutrophils and observed them transmigrating across 

NhBE monolayers. Representative images collected with confocal microscopy are shown in 

Figure 5.11. ZO-1 staining clearly marked the tight junction formed in the monolayer and green 

color neutrophils were migrating across the tight junctions. Orthogonal views of the images in YZ 

and XZ orientations showed neutrophils transmigrating through the tight junction formed by the 

monolayer as highlighted by the orange arrows. Like 16HBE-WT monolayers, no neutrophils were 

seen transmigrating across epithelial cell bodies in the study.  

Previous findings from the Koval and McCarty groups suggested that tight junctions 

formed by CFhBE cells are significant weaker compared to NhBE cells126, we further studied 

healthy neutrophil transmigration across CFhBE monolayers induced by 100 nM fMLF (Figure 

5.12). Unlike NhBE monolayers, the total number of neutrophils transmigrated across CFhBE 

monolayers was not significantly different when cultured under E-ALI/5.5 mM vs E-ALI/17.5 mM 

glucose media at 6-h (Figure 5.12A). Like NhBE, the resistances of CFhBE monolayers were 

significantly decreased from pre-transmigration compared to post-transmigration when cultured in 

5.5 mM glucose (Figure 5.12B). In contrast to NhBE, the resistances of CFhBE monolayers were 

significantly decreased from pre-transmigration compared to post-transmigration when cultured in 

17.5 mM glucose (Figure 5.12C). In addition, the data for CFhBE monolayers were closer to that 

of 16HBE-ΔF508 monolayers and were far different from those of NhBE and 16HBE-WT 

monolayers.  

We further used CellTracker to label neutrophils and observed the neutrophils 

transmigrating across a CFhBE monolayer. Representative images collected with confocal 

microscopy are shown in Figure 5.13. The green neutrophils were seen transmigrating across tight 

junctions in CFhBE monolayers. 
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Figure 5.11. Representative confocal microscopy images of PMNs transmigrating across a 

monolayer of NhBE cells.  

Transmigration was induced with 100 nM fMLF. Maximum fluorescence intensity Z-projections 

of (A) DAPI, (B) ZO1, and (C) CellTracker staining of PMNs. (D) Overlay of the previous three 

fluorescence channels. (E) Enlarged Z-plane with all channels overlayed. (F) YZ orthogonal view 

of overlay image, a neutrophil transmigrating through the monolayer as highlighted by the orange 

arrows (G) XZ orthogonal view of overlay image showing neutrophils transmigrating through the 

monolayer as highlighted by the yellow lines and orange arrows. Scale bar: 10 µm. 
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Figure 5.12. CFhBE cells seeded and cultured at air-liquid interface (ALI) with E-ALI 

media (5.5 mM glucose) on the undersurface of Transwells.  

After differentiation, half of the Transwells were continually maintained in E-ALI/5.5 mM glucose 

and the other half were switched to E-ALI/17.5 mM glucose for 2 weeks. PMN transmigration 

across NhBE monolayers was induced by 100 nM fMLF. (A) The number of transmigrated PMNs 

across E-ALI/17.5 mM glucose was low and no significant different from that of E-ALI/5.5 mM 

glucose. The post-transmigration resistances were significantly lower compared to the pre-

transmigration in both the E-ALI/5.5 mM glucose group (B) and the E-ALI/17.5 mM glucose 

group (C) (n=4 for each group; * P < 0.05, *** P < 0.001, ns=no significant difference).  
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Figure 5.13. Representative confocal microscopy images of PMNs transmigrating across a 

monolayer of CFhBE cells.  

Transmigration was induced with 100 nM fMLF. Maximum fluorescence intensity Z-projections 

of (A) DAPI, (B) ZO-1, and (C) CellTracker staining of PMNs. (D) Overlay of the previous three 

fluorescence channels. (E) Enlarged Z-plane with all channels overlayed. (F) YZ orthogonal view 

of overlay image, a neutrophil transmigrating through the monolayer as highlighted by the orange 

arrows (G) XZ orthogonal view of overlay image showing neutrophils transmigrating through the 

monolayer as highlighted by the yellow lines and orange arrows. Scale bar: 10 µm.  
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5.4. Discussion 

A pathological hallmark of the CF chronic inflammatory response is the massive neutrophil 

influx into the airways which is associated with epithelial injury. In addition, CF PMNs do not 

function efficiently to clear bacterial infections. The vicious cycle correlates to ongoing disease 

progression in CF patients’ lungs, especially for CFRD patients90,98,216. Here, we established a 

model to study neutrophil transmigration across bronchial epithelial cell monolayers (expressing 

WT and ΔF508-CFTR) that were conditioned to NG or HG culture conditions. Our data suggest 

that healthy PMNs transmigrated across tight junctions formed by epithelial monolayers in a 

manner that is modulated by glucose conditioning. PMN transmigration across ΔF508 cell 

monolayers exhibited noteworthy differences from across WT cell monolayers. In addition, the 

transmigrated PMNs displayed unique morphology compared to naïve PMNs and PMNs 

transmigrated across empty wells with collagen coating only. 

It is well known that pulmonary complications in type I and type II diabetes patients arise 

late in the disease process compared to other organs, such as the kidneys and the eyes85. This 

suggest that the lungs of diabetes patients without CF can well tolerate systemic hyperglycemia. 

In contrast, hyperglycemia in CF patients (CFRD) leads to faster lung function decline, possibly 

due to intolerance to the challenge of systemic hyperglycemia91. Our data presented here well 

matched the clinical findings in that both 16HBE-WT and NhBE cells better resisted the HG 

challenge and efficiently facilitate transmigration PMN. Furthermore, both 16HBE-ΔF508 and 

CFhBE cells failed to tolerate the HG challenge, which led to insufficiency in PMN transmigration. 

The data are supported by our previous findings that normal bronchial epithelial cells well adapted 

to HG conditioning but not CF epithelial cells (Chapter 2). However, we point out that the results 

for immortalized vs primary cells were not identical in the study. The differences could be due to 
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multiple reasons, including: (a) cell autonomous characteristics, such as the origins of 16HBE cells 

and primary cells are different. In addition, primary cells contain multiple different cell types after 

differentiation compared to 16HBE cells that exhibit less variability263. (2) The media for NhBE 

and CFhBE cells contain many ingredients that do not exist in the media for 16HBE cells131,263. 

(3) 16HBE cells were cultured on Transwells for 8 to 9 days while primary cells were cultured for 

4 weeks to 4.5 weeks. (4) HG conditioning duration was about 14 days for primary cells while 

only 6 to 7 days for 16HBE cells. Therefore, it is reasonable and not surprising to detect some 

differences in results between different experimental model systems. This observation highlights 

the importance of using different systems for verifying findings. 

The data presented here suggest that epithelial barrier plays an active role in facilitating 

neutrophil migration across the monolayer and hyperglycemic conditioning of bronchial epithelial 

cells modulates neutrophil transmigration. In addition, we have reported that CF epithelial cells 

exhibit weak barrier functions compared to normal epithelia, and that hyperglycemia also led to 

further dysregulation of tight junctions126,235. We further showed that several tight junction proteins 

are dynamically trafficked in and out of the peripheral plasma membrane at zones contributing to 

tight junction function, in a manner modulated by hyperglycemia; for example, claudin 4 (Chapter 

2). Similarly, we showed here that in normal epithelia, hyperglycemia enhanced the productive 

epithelial cell-PMN interactions to facilitate PMN transmigration while maintaining tight junction 

integrity exhibited by a mild drop resistance at the beginning of transmigration and high resistance 

maintained to the end of the transmigration. While CF epithelia exhibited sub-optimal contribution 

to facilitating neutrophil transmigration with a less effective epithelial cell-PMN interaction and 

inability to maintain tight junction integrity, exhibited by a large decrease in resistance at the 

beginning of transmigration and low resistance maintained to the end of the transmigration. There 
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are more than thirty different proteins involved in tight junction formation in airway epithelial 

monolayers. Little is known thus far regarding the possible interactions between tight junction 

proteins and PMN proteins in regulating the migration process in physiological as well as 

pathophysiological conditions127,242. The proteins contributing to the epithelial tight junctions that 

serve as the key determinants involving in PMN transmigration may serve as therapeutic targets 

to regulate the relentless recruitment of PMNs in the CF lung and thereby dampen lung damage. 

 The primary function for neutrophils to travel from vascular to luminal spaces in different 

epithelial-lined organs, such as intestine and lungs, is to efficiently bind, engulf, and kill 

microorganisms by phagocytosis, degranulation, generation of reactive oxygen species, and 

formation of neutrophil extracellular traps called NETosis274. There are three types of NETs 

identified depending on the morphologic changes in neutrophils: Suicidal NETs, Vital NETs, and 

Mitochondrial NETs273,275,276. Unlike neutrophils from healthy control, neutrophils from the blood 

of CF patients exhibit a prematurely primed basal state277. In addition, neutrophils from CF airways 

driven by the chemoattractants from the host and varied resources, including bacteria, from blood 

to the lung exhibited the aberrant immune programming and do not fulfill optimally their role in 

the lung46,277,278. Furthermore, the possible effects of systemic hyperglycemia on neutrophils in 

blood and consequently the neutrophils in airway of CFRD patients remain unknown.  

5.5. Conclusion and Future Directions 

We studied PMN transmigration across WT and CF bronchial epithelia conditioned to NG 

or HG media, with the goal of studying the mechanisms involved in modulating PMN 

transepithelial migration. Future studies will also use PMNs from CF carriers and pwCF, with and 

without CFRD, to test whether PMN genotype influences the mechanisms driving transmigration. 

The effects of hyperglycemia on inducing the neutrophil GRIM phenotype will also be studied.   
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6. Chapter 6 – Understanding CFTR function and CFRD pathophysiology 

through additional projects 
 

6.1. CFTR immunoprecipitation and immunoblotting 

6.1.1. Background 

There are many immortalized airway epithelial cell lines available used to study airway 

physiology. We were considering using NCI-H441 cells because they can be grown at air-liquid 

interface (ALI)279, which is a requirement to use our programmable automated cell culture system 

discussed in Chapter 3. H441 cells were derived from the pericardial fluid of a patient with lung 

adenocarcinoma in 1982280. However, based on Ussing Chamber data (Figure 6.1), there were 

some concerns about whether these cells express functional CFTR which agreed with previous 

reports281. Thus, I conducted CFTR immunoprecipitation and immunoblotting to check.  

6.1.2. Methods 

Cells were plated on Corning 3470 Transwells at a density of 80,000 cells per well at liquid-

liquid interface. Cells were put at ALI the next day. Media was changed on Mondays, Wednesdays, 

and Fridays. Cells were grown with either RPMI with 10% FBS and 1X Pen/Strep or with DMEM-

F12 with 1X Pen/Strep and a 1:50 dilution of UltroserG for 14-21 days after being put at ALI. 

Short-circuit current experiments were performed using an Ussing chamber as previously 

described in Chapter 2. Normal chloride buffer was used on the basolateral side, while low chloride 

buffer was used on the apical side. Chambers were bubbled with 95:5% O2:CO2 and maintained at 

37°C during experiments. Cells in the Ussing chambers were stabilized for 30 min prior to 

treatment to inhibit or activate channel pathways. Cells were treated with 20 μM amiloride added 

to the apical side to inhibit ENaC-mediated sodium currents, 10 μM forskolin added to the apical 

and basolateral sides to activate CFTR currents, and 10 μM INH172 subsequently added to the 

apical side to inhibit CFTR.  
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Figure 6.1. Ussing chamber recordings of H441 cells show little to no functional CFTR 

expression.  

(A) Representative current traces of H441 cells. (B) Representative resistance measurements of 

H441 cells. Small molecules added are labeled at the time points added. Only 2 representative 

Transwells shown (N=12 Transwells).   
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After Ussing chamber recordings were completed, cells were washed once with 1XPBS. 

Cells were scraped and frozen for CFTR immunoprecipitation and immunoblotting. Binding beads 

( Pierce™ Protein A/G Magnetic Beads, ThermoFisher) were washed with 1X PBS and incubated 

with 2 µg of anti-CFTR 24-1 (VWR) at 4°C for 1 hour. Cells were thawed on ice and resuspended 

in 300 µL of lysis buffer containing RIPA (w/3mM EDTA), 1:100 protease inhibitor (1:100 PI 

specific for CFTR + 1:100 benzophenone). Cells were incubated in the lysis buffer for 30 minutes, 

followed by a 5-minute centrifugation at 5000g to pellet the nuclei. The supernatant was then 

transferred to the bead tubes. The cell lysate with antibody/beads mix was incubated at 4°C 

overnight with rotation. Beads were span down at 1000g for 1 minute and the supernatant was 

removed. Beads were washed three times with 1X PBS, and then 30 µL 2X Sample Buffer with 

DTT in PBS was added to the beads. Beads were incubated in sample buffer at 37°C for 30 

minutes. This should release bound CFTR to the supernatant. Beads were then span down and the 

supernatant was transferred to a new tube. Gels (BioRad precast gels, 10-well, 50 uL, 4-15%) were 

loaded with 25 µL of sample per well. The gel was run for 45 minutes at 150V. Western blotting 

was then performed using a nitrocellulose membrane (BioRad, 1620213) transfer protocol of 120 

mA for 2 hours on ice. Total protein was stained with Ponceau stain (ThermoFisher). The 

membrane was blocked with Intercept Licor Block for 1 hour at room temperature, and then 

incubated with CFTR 596 (1:1500, UNC) antibody overnight at 4°C in PBST (PBS+0.01% Tween 

20). The membrane was washed three times with PBST for 15 minutes each time, and then 

incubated with goat anti-mouse 680 (GM 680) Licor secondary antibody at a 1:10,000 dilution in 

in Licor Block + 0.01% Tween 20. The membrane was washed three times with PBST for 15 

minutes each time and imaged. As a positive control, CFTR present in the lysate from 16HBE WT 

cells was also immunoprecipitated and loaded in parallel.  
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6.1.3. Results and discussion 

Results show little to no CFTR expression in H441 cells cultured with either RPMI or 

DMEM-F12 with UltroserG, compared to results obtained from the lysate of 16HBE WT cells 

(Figure 6.2). This suggests that NC1-H441 cells do not express functional CFTR regardless of 

culture conditions. Caution needs to be employed when using these cells for CF related research. 

Interestingly, these cells do form good tight junctions as evident from resistance measurements 

seen on Ussing chamber recordings. These cells might still be useful when studying interventions 

that might impact barrier integrity. Further, functional epithelial sodium channel (ENaC) was 

detected by Ussing chamber in these cells (Figure 6.1), as measured by current changes after the 

addition of 20µM Amiloride. These cells might still be useful when studying interventions that 

might impact ENaC function.  
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Figure 6.2. Western blot of H441 lysates show little to no CFTR protein in H441 cells 

regardless of culture conditions.  

(A) Western blot image highlighting the absence of band C (~160kDa) and band B (~130kDa) 

CFTR in H441 cells. Band B is the core-glycosylated form of CFTR present in the endoplasmic 

reticulum, while band C is the mature and fully processed CFTR protein which has passed through 

the Golgi. Lanes 2-5 were loaded with the immunoprecipitation supernatant as a control. We 

expected to see little to no CFTR in these lanes. Lanes 7-10 were loaded with samples resulting 

from the immunoprecipitation protocol. Concentrated CFTR was expected to be seen on these 

lanes. The last lane is the positive control, which shows CFTR immunoprecipitated from 

16HBEWT samples. (B) Densitometry quantification of lanes 7-10, normalized to band intensity 

for antibody light chain (LC) present at ~25kDa, showing little to no CFTR detected in lanes 7-9. 
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6.2. CFTR mutagenesis 

Preface 

The background information section has been modified from the rotation report of another 

Molecular and System’s Pharmacology student, Lester Manly. I performed CFTR mutagenesis for 

his project.   

6.2.1. Background 

CFTR is a member of the ATP-binding cassette superfamily, in which anion permeation is 

facilitated by the coupling of ATP hydrolysis at the nucleotide binding domains (NBDs) and the 

channel gating function of the transmembrane domains (TMDs)282,283. One of the unique structural 

features of CFTR lies within transmembrane helix 8 (TM8) within TMD2. TM8 is the only 

discontinuous transmembrane element with a helix-loop-helix structure instead of a continuous 

helix structure. The loop break of TM8, sometimes referred to as the “TM8 kink”, is located within 

the plasma membrane284. It is hypothesized that TM8 is implicated with the hinging movement of 

channel opening and closing, and that its loop may interact with ligands based on computational 

modeling285–288. However, the functional role of the TM8 kink is still unknown. To evaluate the 

functional role of the TM8 kink, there is a salt-bridge interaction between TM7 and TM8, E873-

R933 respectively, which could play a role in modulating CFTR pore behavior. We hypothesize 

that destabilization of the E873-R933 salt-bridge alters CFTR pore behavior. I created human 

CFTR (hCFTR) mutants with either E873A or R933A substitutions to cause disruption of the salt-

bridge interaction. A double mutation variant, E873R and R933E, was also included to test if 

charge swapping could influence pore behavior (Table 6.1). These constructs can be used to make 

hCFTR cRNA for electrophysiology studies, such as two electrode voltage clamp (TEVC) of 

Xenopus laevis oocytes injected to express the mutant hCFTR cRNAs. 
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Table 6.1. Plasmid ID names and corresponding mutations introduced in the human CFTR 

sequence. 

Plasmid ID Mutation 

PCF 601 E873A 

PCF 602 R933A 

PCF 603 E873R 

PCF 604 E873R/R933E 
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6.2.2. Protocol 

Plasmid PCF98 from the McCarty Lab expresses wild-type human CFTR using a pGEM-

HE vector. This plasmid was used to generate PCF440, which was modified with eGFP attached 

at extracellular loop 4 at position 901. I used the Q5® Site-Directed Mutagenesis Kit (Qiagen) to 

introduce the desired mutations using PCF440 as a starting plasmid. The PCR reactions consisted 

of 25µL of Q5 master mix, 2.5 µL of forward primer (10 µM stock), 2.5 µL of reverse primer 

(10µM stock), 15 µL of nucleotide free water, and 5 µL of template plasmid DNA (PCF440, 

5ng/µL). Primer sequences are shown on Table 6.2. The PCR run protocol is shown on Table 6.3. 

The resulting DNA was then transformed into bacteria for cloning utilizing XL10-Gold 

Ultracompetent Cells (Agilent), which were then plated onto Luria Broth (LB) media plates with 

ampicillin (75 µg/ml) for selective pressuring. Bacterial plasmid DNA constructs were then 

isolated using ZymoPURE Plasmid Miniprep Kit (Zymo). All the constructs were verified by 

Sanger Sequencing across the entire open reading frame (GeneWiz). Quality control of isolated 

DNA plasmids were performed on DNA gels to check DNA integrity. Plasmid purity and 

concentrations were then quantified via NanoDrop® ND-1000 spectrophotometer 

(ThermoFisher).  

6.2.3. Results and discussion 

After PCR was completed, DNA gels were loaded to check for single band amplification 

(Figure 6.3).  After DPNI digestion, the DNA was transformed using competent bacterial cells and 

plated on LB plates using ampicillin as a selection agent. DNA was isolated and sequenced, 

confirming the desired single point mutations. DNA was prepped in large quantities and is ready 

to be used for future electrophysiology experiments. Initial experiments were conducted by Lester 

Manly during a rotation in the McCarty Lab in the fall of 2022. 
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Table 6.2. Primer sequences used to create the CFTR mutants. 

The primers utilized for the mutations 

were:  

hCFTR/eGFP E873A (forward) 

5’ 

GCTTAGTAATTTTTCTGGCAGCGGTGGCTGC 

3’ 

hCFTR/eGFP E873A (reverse) 

5’ 

GCAGCCACCGCTGCCAGAAAAATTACTAAG

C 3’ 

hCFTR/eGFP R933A (forward) 
5’ GGGATTCTTCGCAGGTCTACCACTGGTGC 

3’ 

hCFTR/eGFP R933A (reverse) 
5’ GCACCAGTGGTAGACCTGCGAAGAATCCC 

3’ 

hCFTR/eGFP E873R (forward) 

5’ 

GCTTAGTAATTTTTCTGGCACGGGTGGCTGC 

3’ 

hCFTR/eGFP E873R (reverse) 

5’ 

GCAGCCACCCGTGCCAGAAAAATTACTAAG

C 3’ 

hCFTR/eGFP R933E (forward) 
5’ GGGATTCTTCGAAGGTCTACCACTGGTGC 

3’ 

hCFTR/eGFP R933E (reverse) 
5’ GCACCAGTGGTAGACCTTCGAAGAATCCC 

3’ 

 

Table 6.3. PCR protocol used to introduce the single point mutations.  

Step 1:  95°C for 2 minutes 

Step 2:  95°C for 30 seconds 

Step 3:  58°C for 20 seconds 

Step 4:  72°C for 6 minutes 

Step 5:  Repeat steps 2-4 x25 

Step 6:  4°C infinite hold 

 

  



159 

 

Figure 6.3. DNA gel highlighting the amplification of a single product after PCR-based 

mutagenesis.  

Lanes 2-4 show amplified product before DpnI digestion. Lane 5 serves as a control. Lanes 6-8 

show amplified product after DpnI digestion. Lane 9 serves as a control. Ladder is shown on lanes 

1 and 10. Molecular weight is labeled on the left in base pair (bp) units. Note that PCF 603 was 

used as the base plasmid to generate the double mutant PCF 604.  
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6.3. Airway epithelial and bacterial co-culture experiments 

6.3.1. Background 

Lung function decline in patients with CFRD is six-fold higher compared to CF patients 

with normal glycemic control84,90. Rapid lung function declined experienced by CFRD patients 

could be explained by dysfunction of glucose barrier components, which would cause elevated 

levels of glucose to leak to the airways40,125. Opportunistic pathogens present in the airways, such 

as PAO1 and SA, could then take advantage of this increase in nutrient availability to proliferate 

and/or change their gene expression causing damage to the airways8,89.  

We hypothesize that CF cells cultured under hyperglycemic conditions would allow for 

more glucose to leak from the basolateral to the apical side of the Transwell. Bacterial cells would 

then have access to the glucose that leaked to the apical surface and could use it as an energy 

source for growth. Greater glucose leak to the apical side of Transwells could then be detected as 

higher levels of bacterial growth through serial dilutions, plating, and CFU counting. 

6.3.2. Methods 

The model pathogen used was a strain of SA that does not produce alpha-toxin, and thus 

should not be harmful to mammalian cells during culture. Briefly, 16HBE cells were cultured on 

Transwells (Corning 3460) at a seeding density of 250,000 cells per well at liquid-liquid interface. 

Two days after seeding, the Transwells were conditioned with either normal or high glucose media 

(5.5 mM or 17.5 mM glucose, respectively) for 5 days. The day before bacterial challenge, 

Transwells were washed once with 1XPBS. The apical media was replaced with CF sputum-like 

media (SCFM1) with low glucose (0.5 mM glucose), and the basolateral media was replaced with 

either normal or high glucose antibiotic free media. Bacteria was grown overnight in LB. The next 

day, bacteria was diluted to 0.5OD in SCFM1 with low glucose and incubated on a shaker for 1 
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hour. The OD was measured, and a 0.05 OD dilution was made. The apical and basolateral media 

on the Transwell was removed, and the basolateral media was replaced with fresh antibiotic-free 

normal or high glucose media. On the apical side, Transwells were challenged with bacterial 

suspended in SCFM1 with low glucose (7 µL of the 0.05 OD dilution plus 183 µL of SCFM1 low 

glucose added per well). The plates were placed in a cell culture incubator at 37°C for 24 hours. 

The apical fluid was then transferred to a microcentrifuge. SCFM1 (low glucose) containing 0.1% 

Triton X was then added to the apical surface. Cells were gently scraped and transfer to their 

corresponding microcentrifuge tubes.  Tubes were then vortexed vigorously for 1 minute to lyse 

open mammalian cells. Serial dilutions were performed for bacterial platting and counting.  

6.3.3. Results and discussion 

We have successfully simulated bacterial infections in vitro using WT and ΔF508 16HBE 

cells as model mammalian cell lines. Results from preliminary experiments shown that, consistent 

with our expectations, 16HBE cells expressing ΔF508 CFTR had elevated levels of bacterial 

growth on their apical surface when cultured with basolateral high glucose media. This suggests 

that the barrier integrity of CF cells is compromised, allowing for greater flux of glucose to the 

apical surface and allowing for greater bacterial growth. 
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Figure 6.4. Co-culture of 16HBE cells with SA shows increased bacterial growth in the CF 

hyperglycemic group.  

(A) Representative plate layout used to run experiments. (B) Sample collection and serial dilution 

diagram used to measure bacterial growth. (C) Bacterial dilution plates used to measure growth 

when exposed to16HBE WT cells conditioned with normal glucose (5.5 mM) or high glucose (17.5 

mM). Bacterial growth was measured 24 hours from the start of the experiment. (E) Bacterial 

growth quantification. Statistics: Two-way ANOVA for multiple comparisons, Tukey corrected (* 

p<0.05, ** p<0.01) (N=3). 
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6.4. Development of the Neutrafluor assay to study live neutrophil transmigration in vitro  

Preface 

This work was done in collaboration with Jonathan Dudkin, an undergraduate student from 

Mercer University. My primary contributions were assay optimization and image collection. I also 

assisted with the 3D design of the novel Transwell holder. Results are preliminary and the assay is 

still being optimized.  

 

6.4.1. Introduction 

Cystic fibrosis is an autosomal recessive disease caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene1. The CFTR protein is a transmembrane 

protein that allows for the movement of chloride ions outside of cells. This process is essential to 

maintain water homeostasis throughout the body5. CF is a multi-organ disease; however, its leading 

cause of mortality is respiratory failure. The lungs are particularly susceptible to CFTR 

dysfunction. The airways are covered by a thin mucus layer, which traps pathogens and other 

harmful substances for clearance out of the lungs. CFTR dysfunction causes the mucus layer 

converting the airways to become dehydrated, causing aggregation and mucus plugging6. Impaired 

mucus clearance creates an ideal environment for recurrent bacterial infections to take place8. 

Periods of bacterial overgrowth are called pulmonary exacerbations, and they cause lung tissue 

damage contributing to the lung function decline seen in CF airway disease9.  

CF airway disease is further worsened by Cystic Fibrosis Related Diabetes (CFRD), the 

most common CF co-morbidity which affects around half of CF patients by adulthood79. Patients 

with CFRD experience a faster rate of lung function decline compared to non-diabetic CF 

patients84. Research shows that insulin signaling and epithelial barrier integrity is compromised in 
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CF epithelial cells, leading to increased paracellular flux of solutes. Insulin signaling and barrier 

integrity is further compromised in the context of CFRD126.   

CF airway disease is also characterized by aberrant neutrophilic infiltration, promoting 

further inflammation and lung tissue damage in CF46,47. It is unclear whether neutrophilic 

infiltration is worsened by CFRD. Decreasing neutrophil infiltration is one of the main challenges 

that remains to be addressed in the field. Little is known about how neutrophils transmigrate across 

epithelial cells and how they impact barrier function.  

A multitude of methods have been developed to explore epithelial junctions and their 

integrity. To measure intensity, assays such as dextran and calcein flow assays, or TER 

measurements can be employed103. While these assays do provide meaningful results, they can 

only do so regarding the epithelial layer as a whole, quantifying junction integrity on a global 

scale. On the other hand, assays such as sandwich assays and biotinylation assays allow for 

inspection of junction integrity on a local level, but only for fixed time points. Recently, a newly 

published paper described a method by which live local junction integrity could be monitored in 

an epithelial layer, called the ZnUMBA assay289.  

In order to observe neutrophil and epithelial cell behavior at a local and dynamic level, the 

recently developed ZnUMBA assay289 was integrated into a neutrophil transmigration. By utilizing 

zinc on the apical side of the monolayer, and a fluorescent zinc reporter on the basal side, one can 

measure the intensity of the fluorescent reporter at the cell layer. Doing so describes the 

flux/contact of the zinc and reporter, which inversely correlates with junction integrity. Using this 

assay during a transmigration would allow for quantification and collection of not only the number 

of neutrophils that transmigrate through an epithelial barrier over a period of time, but also for 

analysis of localization and impact on junction integrity of transmigrations that occur.  
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6.4.2. Methods 

Cell Culture 

16 HBE 14o- Human Bronchial epithelial cells expressing either WT or ΔF508 CFTR were 

cultured in MEM (Gibco 11095-072), 10%FBS (R&D, S11150H), and 1% Penicillin/Streptomycin 

(Pen/Strep, Gibco 15070-063) at 37°C. Cells were then grown on inverted Transwells (Corning, 

3402) as described in Chapter 5 of this dissertation. 

Neutrophil Purification 

Healthy human blood neutrophils were purified using Polymorphprep (PMP) according 

to the company’s manual and recommendations from the Tirouvanziam lab (Dobosh B et al, Cell 

press 2021). In brief, blood was drawn into EDTA tubes, blood was added on top of the PMP, and 

samples were centrifuged at 400g for 42 minutes at room temperature. The neutrophil band was 

collected and centrifuged at 800g for 5-10 minutes, and the pellet was resuspended for 30 seconds 

with ice-cold sterile water to lyse red blood cells. Osmolality was quickly restored using an equal 

amount of cold 1.8% NaCl, and samples were centrifuged at 800g for 5-10 minutes. Neutrophils 

were resuspended with cold RPMI-1640, cell numbers were countered, and neutrophils were 

maintained on ice until needed. Neutrophils were added on the apical side of Transwells at a 

density of 100,000 per well for Transmigration. Imaging took place 2 hours after the transmigration 

was started.  

Neutrafluor Imaging Chamber 

An imaging chamber was designed to hold Transwells in place while performing confocal 

microscopy. Design iterations were made using Fusion 360 (AutoDESK). Design iterations were 

printed at Emory’s “Tech Lab”. STL files were printed using a Prusa MK4 printer with polylactic 

acid (PLA) filament.   
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Neutrafluor Assay 

An apical (2mM ZnCl2, 100nM fMLF) solution and a basolateral solution (20uM Fluozin-

3 (Thermofisher F24194), 2uM Ca-EDTA) were prepared. Extracted neutrophils were stained with 

CellTracker Blue (Thermofisher CMAC 2210), and the epithelial layer was stained with CellMask 

Deep Red (Thermofisher C10046). Inverted Transwell cultures were incubated at 37°C with 

neutrophils added basally for 1 hour. Transwells were moved so RPMI + Zinc would replace the 

apical solution, and 200 µl of Fluozin-3/Ca-EDTA solution added basally. Cells were incubated 

for another 30 minutes, and then Transwells were placed in the Neutrafluor imaging chamber, 

which was then viewed using a Nikon CSU-W1 SoRa Spinning Disk confocal microscope. 

6.4.3. Results 

A novel Transwell holder was designed to visualize transmigrating neutrophils in real time 

There are no commercially available microscopy holders that could be used for our 

applications. Thus, we designed and 3D-printed a novel Transwell holder. Our design is shown on 

Figure 6.5. The design has two main components: a slide and a cylindrical chamber. The slide 

resembles the dimensions of a regular microscope slide, but it incorporates a square-shaped insert 

section in the middle to accommodate a thin coverslip. The cylindrical chamber was designed to 

hold the Transwell in place at a slight elevation to avoid friction between the epithelial cells 

cultured at the base of the Transwell and the coverslip. The distance is small enough to allow for 

an appropriate working distance for confocal imaging. The cylindrical chamber is manually 

attached to a coverslip using clear nail polish to make the chamber watertight. 

The Neutrafluor assay allows to observe live neutrophils transmigrate through airway 

epithelial cell monolayers in vitro, and could be used to assess focal disruptions of tight junctions 

integrity on the epithelial barrier 
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Figure 6.5. Design of our novel Transwell holder for confocal microscopy. 

 A) Graphical 3D representation of the holder showing its two main components: A slide and the 

cylindrical holder. The slide has an insert section that fits a square thin coverslip. The cylindrical 

chamber is attached to the coverslip to create a watertight chamber. It can hold the Transwell in 

place without touching the coverslip for imaging. B) Top view of the holder components 

highlighting the outside dimensions of the slide. C) Side view of the slide and cylindrical chambers 

showing their dimensions. D) Another top view of design providing more detailed measurements 

of the inner dimensions of the slide and the cylindrical chamber. Note: Measurements shown in 

millimeters.  
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To study the dynamics of transmigration of individual neutrophils, we adapted an optical 

method developed by the Miller lab that uses a zinc-sensitive fluorophore, Fluozin, to study barrier 

repair289. Zinc is used in the media bathing the apical side of the monolayer while Fluozin is added 

to the basolateral side. Our adaptation enables this method to be used to detect barrier breaches 

induced by transmigration of individual neutrophils, which appear as regions of more intense green 

fluorescence signal. To track the location of neutrophils, PMNs were stained with CellTracker 

blue. To track the location of epithelial cell boundaries, plasma membranes were stained using 

CellMask magenta. Example images of neutrophils transmigrating across epithelial cell 

monolayers are shown on Figure 6.6.  
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Figure 6.6. Example neutrophil transmigration images through 5.5 mM and 17.5 mM 

glucose conditioned 16HBE WT monolayers.  

A) Comparison of the first frame taken from epithelial cells cultured with either 5.5 mM or 17.5 

mM glucose during our Neutrafluor assay. Neutrophils are shown in blue, Zinc/Fluozin 

interactions are shown in green, and cell membranes are shown in magenta. The magenta channel 

is only displayed in the 5.5 mM glucose sample to provide an example of cell membrane staining. 

B) Time lapse of 10 minutes tracking the transmigration of a single neutrophil using the 

Neutrafluor assay (N=1).  
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6.4.4. Conclusions and Future Directions 

Neutrophilic infiltration and over-activation are hallmarks of CF airway disease46,47. 

However, little is known about the mechanisms that drive neutrophil transmigration across airway 

epithelial cell monolayers. Further, it is unknown whether patients with CFRD experience higher 

rates of neutrophil transmigration, although this could explain their worsened pulmonary 

outcomes. To address these gaps in knowledge, we have developed a novel assay called 

Neutrafluor to gain a better understanding about the mechanisms driving neutrophil transmigration 

across airway epithelial cells. So far, we have conducted proof of concept experiments that have 

shown that the assay can be successfully conducted to watch neutrophils transmigrate across 

airway epithelial cell monolayers in real time. We look forward to employing this assay to 

investigate several aspects related to neutrophil-epithelial transmigration. 

In the future, we plan to employ our method to identify whether neutrophil transmigration 

kinetics differ between WT and CF cells, or between cells conditioned with normal or 

hyperglycemia. Our method could also be used to investigate whether neutrophils tend to use the 

same junctions for transmigration, where an actively transmigrating neutrophil alters the epithelial 

barrier to enable successive neutrophils to cross more easily. The method we have developed will 

also allow us to determine whether neutrophils preferentially transmigrate at tricellular or 

bicellular junctions. In the future, we will also be able to determine which cell types at present at 

the junctions preferred for transmigration. 

Overall, our Neutrafluor assay is a powerful and novel tool to better understand many 

unknown aspects about neutrophil-epithelial transmigration and expand our knowledge about CF 

airway disease.  
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6.5. Comparing ATPase activity of ATP-binding cassette subfamily C member 4, lamprey 

CFTR, and human CFTR using Antimony-phosphomolybdate assay 

Preface 

This work290 has been published in the journal “Frontiers in Pharmacology” in February 

2024. I contributed with data analysis and manuscript review.  

Citation  

Cui, G.; Strickland, K. M.; Vazquez Cegla, A. J.; McCarty, N. A. Comparing ATPase 

Activity of ATP-Binding Cassette Subfamily C Member 4, Lamprey CFTR, and Human CFTR 

Using an Antimony-Phosphomolybdate Assay. Front Pharmacol 2024, 15, 1363456. 

https://doi.org/10.3389/fphar.2024.1363456. 
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6.5.1. Abstract 

ATP-binding cassette (ABC) transporters use the hydrolysis of ATP to power the active 

transport of molecules, but paradoxically the cystic fibrosis transmembrane regulator (CFTR, 

ABCC7) forms an ion channel. We previously showed that ATP-binding cassette subfamily C 

member 4 (ABCC4) is the closest mammalian paralog to CFTR, compared to other ABC 

transporters. In addition, Lamprey CFTR (Lp-CFTR) is the oldest known CFTR ortholog and has 

unique structural and functional features compared to human CFTR (hCFTR). The availability of 

these evolutionarily distant orthologs gives us the opportunity to study the changes in ATPase 

activity that may be related to their disparate functions.  

We utilized the baculovirus expression system with Sf9 insect cells and made use of the 

highly sensitive antimony-phosphomolybdate assay for testing the ATPase activity of human 

ABCC4 (hABCC4), Lp-CFTR, and hCFTR under similar experimental conditions. This assay 

measures the production of inorganic phosphate (Pi) in the nanomolar range.  

Crude plasma membranes were purified, and protein concentration, determined semi-

quantitatively, of hABCC4, Lp-CFTR, and hCFTR ranged from 0.01 to 0.36 μg/μL. No significant 

difference in expression level was found although hABCC4 trended toward the highest level. 

hABCC4 was activated by ATP with the equilibrium constant (Kd) 0.55 ± 0.28 mM (n = 8). 

Estimated maximum ATPase rate (Vmax) for hABCC4 was about 0.2 nmol/μg/min when the protein 

was activated with 1 mM ATP at 37°C (n = 7). Estimated maximum ATPase rate for PKA-

phosphorylated Lp-CFTR reached about half of hCFTR levels in the same conditions. Vmax for 

both Lp-CFTR and hCFTR were significantly increased in high PKA conditions compared to low 

PKA conditions. Maximum intrinsic ATPase rate of hABCC4 in the absence of substrate was twice 

that of hCFTR when activated in 1 mM ATP. 



173 

The findings here suggest that while both ABCC4 and hCFTR bear one consensus and one 

degenerate ATPase site, the hCFTR exhibited a reduced intrinsic ATPase activity. In addition, 

ATPase activity in the CFTR lineage increased from Lp-CFTR to hCFTR. Finally, the studies pave 

the way to purify hABCC4, Lp-CFTR, and hCFTR from Sf9 cells for their structural investigation, 

including by cryo-EM, and for studies of evolution in the ABC transporter superfamily. 

6.6. Discussion and Conclusions 

The additional projects discussed in this section highlight additional approaches I have 

taken to understand CFTR function and CFRD pathophysiology. I conducted immunoblots and 

Ussing chamber to measure CFTR expression and function in airway epithelial cell membranes. 

Further, I conducted mutagenesis to better understand CFTR gating. To better understand CFRD 

pathophysiology, I conducted co-culture experiments with airway epithelial cells conditioned with 

normal or high glucose and challenged these monolayers with SA to measure overall bacterial 

growth. Further, I conducted neutrophil transmigration assays with live imaging to study 

differences in neutrophil transmigration kinetics between WT and CF cells conditioned with 

normal or high glucose. Taken together, these additional projects add depth to the breath of the 

work I conducted. Future studies will continue to use similar approaches to keep studying these 

mechanisms in depth.  
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7. Chapter 7 – Conclusions and Future Directions 
 

We determined that hyperglycemia impairs barrier integrity in CF cells through 

dysregulation of essential tight junction proteins, and we developed a novel approach to study 

dysregulation of essential tight junction proteins. Our diabetic Scnn1b-Tg mouse model showed 

elevated glucose concentrations in the airway surface liquid, providing further evidence that the 

tight junction integrity of the airways is compromised under systemic hyperglycemia in CFRD-

like conditions. This mouse model also showed elevated neutrophil counts in bronchoalveolar 

lavage fluid, even before bacterial challenge, suggesting that immune defects play a role in CFRD 

disease pathophysiology. We also developed novel approaches to mimic CFRD disease in vitro. 

The first was the creation and optimization of a programmable automated cell culture system 

(PACCS) to mimic blood glucose fluctuations experienced by CFRD patients throughout the day 

after meals. The second is a novel approach to study neutrophil transmigration across airway 

epithelial cells, which identified key differences in transmigration kinetics and neutrophil fate 

between WT and CF cells.  

Immortalized cells were primarily used to study the effects of chronic hyperglycemic 

conditioning on airway epithelial barrier integrity. 16HBE cells expressing either WT or ΔF508 

CFTR were tested. Dye flux experiments showed that paracellular flux of calcein (0.62 kDa) and 

dextran (10 KDa) was increased in CF cells in response to hyperglycemia and insulin conditioning 

(400 nM). This is concerning since exogenous insulin administration is the only current approved 

treatment for CFRD. However, our results suggest that insulin might further impair barrier 

integrity, via a variety of mechanisms. Further, electrophysiology results showed that insulin 

treatment did not interfere with CFTR rescue by ETI under normal or high glucose conditions. 

However, transepithelial resistance in CF cells treated with ETI was lower than controls even after 
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inactivation of ENaC and CFTR. This suggests that ETI treatment of CF cells induced changes in 

barrier integrity independent of CFTR and ENaC function.  

Ours is the first group, to our knowledge, to observe that essential tight junction proteins, 

such as claudin-4 (CLDN4), are downregulated in CF cells compared to WT cells at the gene 

expression level even at normal glucose. We employed a novel confocal microscopy technique to 

assess CLDN4 protein localization and observed higher protein abundance at the periphery of CF 

cells in response to hyperglycemia. It is important to note that higher protein expression does not 

necessarily correlate with improved function or stronger barrier integrity. We think the opposite 

might be true, where too much CLDN4 protein trafficking to the junctions might interfere with the 

proper function of other essential tight junction proteins and compromise barrier integrity. 

Treatment with highly effective modulator therapy, ETI, brought tight-junction CLDN4 

localization in CF cells cultured under hyperglycemia closer to WT levels. However, it did not 

completely reverse CLDN4 improper trafficking which suggests that ETI treatment might not be 

sufficient to counteract the negative effects of CFRD on barrier integrity. Future studies will focus 

on implementing the novel microscopy quantification technique I developed to measure TJ 

localization of other essential tight junction proteins. This technique could also be used to test the 

effects of future promising small molecules on TJ localization of essential barrier proteins.   

Further research into changes in the transcriptome of CF vs WT cells under hyperglycemia 

by bulk RNA sequencing helped identify protein tyrosine phosphatase receptor type G (PTPRG) 

as a potential driver of CFRD pathophysiology. Expression of this gene was found to be elevated 

in CF cells under normal conditions and hyperglycemia compared to WT cells. Interestingly, 

PTPRG has been shown to inhibit Akt signaling, which is necessary for proper insulin signaling142. 

Aberrant insulin signaling has been shown by our group to compromise airway glucose uptake and 



176 

barrier integrity in CF cells126. Future studies could focus on testing the effects of knocking out 

PTPRG in CF cells. Barrier integrity studies could be conducted to test for transepithelial 

resistance and paracellular flux. Further, changes in the Akt signaling pathway could be 

investigated by immunoblot.  

To further study the consequences of chronic hyperglycemia, our lab developed a novel in 

vivo mouse model to study the impact of CFRD on airway physiology. This model relies on the 

use of a transgenic mouse strain that overexpresses the epithelial sodium channel (ENaC) β subunit 

in the airway (Scnn1b-Tg), which causes them to exhibit a CF-like obstructive lung 

phenotype111,173,174.  We demonstrated, for the first time to our knowledge, that chronic 

hyperglycemia in Scnn1b-Tg mice aggravates lung damage with increasing airway inflammation, 

neutrophilic infiltration, and lung tissue damage and remodeling. Lung histology data showed 

enhanced parenchymal destruction, alveolar wall thickening, and neutrophilic infiltration in 

Scnn1b-Tg diabetic mice compared to WT diabetic mice on the same genetic background, 

consistent with development of a spontaneous lung infection. Further, administration of intranasal 

PAO1 led to severe lung leukocytic infiltration over 24 hours. Overall, we showed that this novel 

mouse model can be successfully used to study CFRD-like negative effects in the airways using 

an in vivo setting. Future studies could use this model to test promising therapeutic agents to 

combat CFRD pathophysiology.  

Besides developing a novel in vivo CFRD model, we also developed novel in vitro models 

to model CFRD pathophysiology. I created and optimized a programmable automated cell culture 

system (PACCS) which addresses an unmet need in the field. The way we traditionally culture 

airway epithelial cells in vitro is not physiologically relevant. Cells receive media with very high 

glucose concentration, which is progressively depleted until the next media change multiple days 
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later. Because of how quickly cells consume glucose and because cells on Transwells are cultured 

in chambers with small volumes, cells might even experience periods of hypoglycemia. 

Furthermore, increased glucose supply every other day is not consistent with the increases in blood 

glucose after each meal that CFRD patients experience, typically three times per day. 

We did not know how the traditional cell culture protocol might negatively influence the 

results of our studies. Therefore, I decided to address this challenge by creating PACCS, which is 

capable of changing basolateral media multiple times a day to simulate blood glucose fluctuations 

experienced by CFRD patients after meals. Creating and optimizing the system required designing 

a custom 3D printed plate, which required several rounds of prototyping. Results showed that the 

system can be successfully used to culture airway epithelial cells while mimicking meal-like 

glucose fluctuations. TEER measurements were even higher when PACCS was used. I think this 

might be due to cells never leaving the incubator, which decreases external variables that might 

impact cell health such as changes in temperature and CO2 levels. Future studies could use PACCS 

to introduce other agents present in the CF airways, such as cytokines and oxidants, using 

fluctuation patterns to better mimic human airway physiology.  

We also developed another novel in vitro model to study neutrophil transmigration across 

airway epithelial monolayers. Increased neutrophil recruitment and over-activation are important 

drivers of CF lung disease46,48. However, little is known about how neutrophils interact with 

epithelial cells to allow for their passage to the airway surface. Further, neutrophils release harmful 

substances when they transmigrate, such as neutrophil elastase (NE) and myeloperoxidase, 

contributing to the development of bronchiectasis in the CF lung291,292. To study neutrophil 

transmigration across airway epithelial cells in vitro, we established a novel culture method. This 

novel method consists of seeding 16HBE cells, expressing either WT or ΔF508 CFTR, onto the 
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undersurface of collagen-coated Transwell filters, allowing them to settle and attach, after which 

the Transwells were inverted back to the traditional configuration. Monolayers were conditioned 

with either normal or high glucose media; we expected transepithelial migration of neutrophils to 

be further enhanced under chronic hyperglycemia. Primary human PMNs were induced to 

transmigrate across epithelia using chemoattractants such as fMLF and LTB4. Similarly, we also 

established this technique using primary human bronchial epithelial cells, NhBE and CFhBE, to 

study neutrophil transmigration. As expected, results showed a time-dependent decrease in 

transepithelial resistance with increased transmigration of neutrophils across WT and CF 

monolayers. However, the number of transmigrated neutrophils was higher in WT monolayers 

conditioned with hyperglycemic media compared to the normoglycemic control. No difference in 

transmigration rate was seen in CF cells in response to hyperglycemia. Results also showed that 

transmigration across epithelial layers was higher than across empty collagen-coated Transwells. 

The morphology and activation state of neutrophils was also changed after migrating though 

epithelial cell monolayers, while cells that migrated across empty collagen-coated Transwells 

behaved like naïve neutrophils. These observations suggest that productive interactions between 

epithelial cells and PMNs take place to facilitate PMN transmigration and influence neutrophil 

fate. To our knowledge, ours is the first group that was able to capture and image neutrophils 

actively transmigrating across epithelial monolayers. Future studies will focus on gaining a better 

understanding of neutrophil transmigration patterns across epithelial cell monolayers. Example 

questions that will be addressed include whether neutrophils prefer to transmigrate though 

bicellular or tricellular junctions, and whether multiple neutrophils transmigrate through the same 

junction, as well as the identification of proteins that contribute to productive interactions between 

epithelial cells and transmigrating neutrophils. 
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Taken together, these conclusions serve as a starting point to explain the underlying 

mechanisms driving the rapid lung function decline seen in patients with CFRD, with the goal of 

informing the development of future therapeutics to improve the quality of life and life expectancy 

of patients with CFRD.  
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8. Chapter 8 – Protocols 
 

8.1. Cell culture of 16HBE cells 

8.1.1. Media composition 

Cells were cultured with complete media containing MEM (ThermoFisher, 11095098), 

10% FBS (R&D, S11150H), and 1% Pen/Strep (Gibco, 15070-063). Media was filtered and stored 

at 4°C. Media was used within 3 months.  

Freezing media consisted of 40% complete media mentioned above, 50% additional 

FBS(R&D, S11150H), and 10% DMSO (Sigma, 472301) made fresh on the day of freezing. 

Freezing media was filtered before use. 

8.1.2. Pulling from the freezer 

1. Open and spray down the hood. 

2. Start warming up the media (5 mL in a T-25).  

a. The T25 can be warmed in the incubator. 

3. Take the vial you need from the liquid nitrogen tank. 

4. Hold the vial in the 37 *C water bath, not submerging the cap under the liquid level, until 

the pellet is thawed. 

5. Spray down the vial before putting into the hood. 

6. Pull the cells out of the vial with a 1 mL tip and transfer directly to the T25 with warm 

media. 

7. Label the 25 with the cell type, passage number, and date. 

8. Change the media on the T25 flask the next day. 

8.1.3. Changing Media  

• T25 Flask:  
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1. Remove old media 

2. Add 5 mL new media 

• Corning 3470 filters (24-well plate): 

1. Remove old media 

2. Add 500 µL media to basolateral side 

3. Add 200 µL to the apical side 

• Corning 3460 filters (12-well plate):  

o Remove old media 

o Add 500 µL media to basolateral side 

o Add 200 µL to the apical side 

8.1.4. Splitting Cells from a T25 (when 80-90% confluent) 

1. Warm 5 mL media in a new T25 in the incubator. 

2. Remove old media. 

3. Add 5 mL PBS (no Ca2+/Mg2+). 

4. Let sit 1-5 min. 

5. Remove PBS. 

6. Add 1.5 mL 0.25 % trypsin. 

7. Let incubate at 37 °C until cells start to sluff off ~10 minutes. 

a. May need to hit side of flask. 

8. Add 4.5 mL media, removing cells from plate. 

9. Move cells to 15 mL conical tube. 

a. You will probably need to count the cells as well, which you can do during the next 

step. 
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b. To count cells, remove 20 uL from this conical tube and add to a microcentrifuge 

tube. 

c. Add 20 uL Trypan Blue to the conical tube and mix gently. 

d. Add 10 uL of the cells/trypan blue mixture to the hemocytometer. 

e. Count the cells in the four quadrants of the hemocytometer. 

f. Take the average number of cells per quadrant (total count/4), multiple by 2 

(because you diluted the cells 1:1 in Trypan Blue), then multiple by 10,000. This 

gives you the number of cells per mL. Based on how many mLs you have, you can 

calculate the total number of cells you have. 

10. Centrifuge at 500 xg for 10 min. 

a. The goal is to remove the trypsin from the cells. 

11. Remove supernatant media without disturbing the pellet. 

12. Resuspend the pellet in an appropriate amount of media. I usually resuspend to a density 

of 1,000,0000 cells/mL. When platting on Transwells: 

a. For 3470s, we plate 150K cells/well. I add 150 µL of my cell suspension and 50 µL 

of complete media per well. 

b. For 3460s, we plate 250K cells/well. I add 250 µL of my cell suspension and 250 

µL of complete media per well. 

13. Make sure to split some of the cells into a new T25 

a. For 16HBEs, a 1:20-30 dilution is recommended for cells to be confluent again in 

7 days. 

8.1.5. Splitting Cells from a T75 (when 80-90% confluent) 

1. Warm 10 mL media in a new T75 in the incubator. 
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2. Remove old media. 

3. Add 10 mL PBS (no Ca2+/Mg2+). 

4. Let sit 1-5 min. 

5. Remove PBS. 

6. Add 3 mL 0.25 % trypsin. 

7. Let incubate at 37 °C until cells start to sluff off ~10 minutes. 

8. Add 6 mL media, removing cells from plate 

9. Transfer to a 15 mL conical tube. 

10. The next steps are the same as mentioned on the previous section, steps 10-13.  

8.1.6. Freezing cells 

1. Split cells like mentioned in the previous sections 

2. Count the number of cells to know how much freezing media to use 

3. After the final centrifugation step, remove the supernatant. 

4. Resuspend the pellet using freezing media to a concentration of 1,000,000 cells/mL 

5. Transfer 1mL of the cell suspension to cryopreservation tubes previously labeled with cell 

type, passage number, your initials and the date 

6. Place on a freezing container, such as Mr. Frosty™ (ThermoFisher, 5100-0001) and place 

inside a -80°C freezer overnight. 

7. The next day, transfer frozen vials to liquid nitrogen for long-term storage.  
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8.2. Ussing chamber protocol 

8.2.1. Warm up 

1. Turn on water bath (42°C). 

a. BS measured, and this makes the chamber ~37°C. 

b. Make sure water is between the two lines, otherwise the bath will not heat up. 

2. Place recording solutions in 37°C water bath. 

a. Takes ~1 hr to warm up. 

3. Place Chambers in 37 *C incubator. 

a. Takes ~1 hr to warm up. 

8.2.2. Blanking 

4. Put chambers in blue holder. 

5. Insert slider with a blank filter into the chambers, tighten down thumb screw to compress 

chambers. 

6. Insert electrodes into chamber (Figure 8.1A). 

a. White, current-passing electrodes go in the outside positions. 

b. Black, voltage sensing electrodes go in the inside positions. 

c. Make sure that the electrode leads with the black band are on the same side of the 

chamber. 

7. Fill chamber with solution 

a. 3 mLs on each side is sufficient for this step. 

b. Make sure that there are no bubbles at the end of the electrode tips or inside 

chambers. 

8. Turn on amplifier (Ussing Chamber) and computer. 
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Figure 8.1. Ussing chamber set-up example.  

(A) Picture highlighting the chamber set-up with electrodes placed in the correct orientation, 

sample loaded and solution added to both apical and basolateral side. (B) Picture showing the main 

sections of the amplifier box. This box is used to zero the chambers when a blank Transwell is 

loaded. The box also controls communication to the computer.  
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9. Correct electrode offset potential  

a. Switch FUNCTION key to OPEN and METER to V.   

The panel meter will display the difference potential between the pairs of voltage-

sensing electrodes.  

b. Press the OFFSET button to the polarity opposite that displayed on the meter and 

use the dial to adjust the offset so that the meter reads 0.0.  NOTE: this value will 

drift if chamber are filled with different solutions (i.e. if chloride is not 

symmetrical) due to diffusion. Set at the beginning and do not readjust (Figure 

8.1B). 

8.2.3. Loading Samples 

1. Mount the tissues into the chamber. 

a. Remove solutions for each side of the chamber. 

b. Loosen thumb screw and spread chamber apart. 

c. Remove slider, replace blank filter with one containing cells. 

d. Place tissue back into chambers and make sure slider is pressed all the way back to 

avoid leaks. 

i. If the slider is pressed all the way back and the chamber is still leaking, 

check the black O-ring that sits between the slider and each side of the 

chamber. 

e. Tighten down thumb screws. 

f. Fill the chamber with 4 mLs of solution. 

i. Fill basolateral side first because it is detrimental for the BL side of 

epithelial cells to be exposed to air for extended periods of time. 
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g. Insert air tubes and begin the flow of gas to bubble solutions. 

i. In most cases this is 95% O2/5% CO2. 

ii. All solutions containing bicarbonate should be bubbled with a CO2 

containing gas. 

2. Turn on MASTER OVERRIDE, Press the FUNCTION button to CLAMP and the METER 

button to V – at this point the voltage should read 0. 

a. As of the writing of this protocol, our amplifier shows 2.9 V in clamp mode 

b. This is offset to 0.0 using the DC current knob. 

3. Press the REM button to enable computer control of the amp 

a. As of the writing of this protocol, our amplifier shows a 1 V offset upon hitting the 

REM button.  Again, adjust V to 0 using the DC current knob. 

8.2.4. Setting up the software 

1. In the A&A, software create new experiment file, select chambers from which to collect 

data, and set surface area to appropriate value depending on filters being used. 

a. File>new experiment. 

2. Reference tissues 

a. Acquire>Reference. 

b. Boxes should remain white, yellow indicates a small offset, red indicates a 

significant offset. 

3. Click the appropriate “traffic light” button to determine acquisition rate. 

a. We usually use the green light, faster setting. 

4. Click the “running man” button to begin data acquisition. 

5. When the experiment is done, click the stop hand and save the experiment. 
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6.  Export the data into the excel format. 

7. To speed analysis, use the “Boss Excel_for ussing.xls” spreadsheet created by Kirsten 

Cottrill. It can be found in the Ephys>Ussing chamber folder. 

8.2.5. Other notes 

1. Electrodes are usually the issue with these experiments.  If something is adding 

oddly or values can’t be compensated, check for bubbles and try swapping 

electrodes.  As the gold contacts get worn out, issues can arise more frequently 

2. If the electrodes become white, they should be submerged in bleach.  DO NOT 

SUBMERGE THE PLASTIC OR GOLD CONTACTS.  DO NOT COVER AND 

BLEACH OVERNIGHT AS IT CAUSES CORROSION OF THE GOLD 

CONTACT. 

3. VX-770 is relatively difficult to remove from the chambers.  The physiologic 

instrument folks provided the clean-up protocol that we have adopted, which seems 

to work well.  After an experiment with VX-770, add chamber to very hot water 

containing “CONTRAD 70” detergent and let soak for at least 2 hours. 

4. To wash chambers, I usually soaked overnight in detergent solution, rinsed in the 

morning with tap water, and performed a final rinse with DI H20 before allowing 

to (mostly) dry on a paper towel.  

5. Make sure to turn off gas at the main valve.  Closing the regulator while keeping 

the main valve open will cause a slow leak.   
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8.3. Dye flux protocol to measure paracellular permeation 

8.3.1. Cell Culture 

• Day 0 →  Plate 250K cells per well using Corning 3460 Transwells. 

• Day 2 → Start glucose conditioning using media with 5.5 mM vs 17.5 mM glucose.   

• Day 7 → Start treatment with small molecules, Elexacaftor and Tezacaftor (ET) only 

+/- insulin (400 nM). 

a. Elexacaftor (5 µM) + Tezacaftor (18 µM). 

i. Make 50 mLs with normal glucose media. 

1. Add 50 µL of Elexacafrot stock (5 mM). 

2. and 50 µL of Tezacaftor stock (18 mM). 

ii. Make 50 mL with high glucose media. 

1. Add 50 µL of Elexacafrot stock (5 mM).  

2. and 50 µL of Tezacaftor stock (18 mM). 

b. Control → Media + DMSO. 

i. 50 mL of media (normal and high glucose) + 50 µL DMSO. 

• Day 8 → Add treatment with Elexacaftor (5 µM) + Tezacaftor (18 µM) + Ivacaftor 

(1µM) +/- insulin (400 nM). 

a. Add 25 µL of Ivacaftor stock (1 mM) to 25 mL leftover media from day 7. 

b. Control. 

i. 25 mL plus of leftover control media (normal and high glucose) from 

day 7 + 25 µL DMSO. 
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8.3.2. Plate maps 

Plate 1 

16HBE WT 5.5 mM 16HBE WT 5.5 mM 

+ ETI 

16HBE WT 17.5 mM 16HBE WT 17.5 mM 

+ ETI 

16HBE WT 5.5 mM 16HBE WT 5.5 mM 

+ ETI + Insulin 

16HBE WT 17.5 mM 16HBE WT 17.5 mM 

+ ETI + Insulin 

16HBE WT 5.5 mM 

+ ETI 

16HBE WT 5.5 mM 

+ ETI + Insulin 

16HBE WT 17.5 mM 

+ ETI 

16HBE WT 17.5 mM 

+ ETI + Insulin 

 

Plate 2 

16HBE WT 5.5 mM 16HBE WT 5.5 mM 

+ ETI 

16HBE WT 17.5 mM 16HBE WT 17.5 mM 

+ ETI 

16HBE WT 5.5 mM 16HBE WT 5.5 mM 

+ ETI + Insulin 

16HBE WT 17.5 mM 16HBE WT 17.5 mM 

+ ETI + Insulin 

16HBE WT 5.5 mM 

+ ETI 

16HBE WT 5.5 mM 

+ ETI + Insulin 

16HBE WT 17.5 mM 

+ ETI 

16HBE WT 17.5 mM 

+ ETI + Insulin 

 

Plate 3 

16HBE CF 5.5 mM 16HBE CF 5.5 mM + 

ETI 

16HBE CF 17.5 mM 16HBE CF 17.5 mM 

+ ETI 

16HBE CF 5.5 mM 16HBE CF 5.5 mM + 

ETI + Insulin 

16HBE CF 17.5 mM 16HBE CF 17.5 mM 

+ ETI + Insulin 

16HBE CF 5.5 mM + 

ETI 

16HBE CF 5.5 mM + 

ETI + Insulin 

16HBE CF 17.5 mM 

+ ETI 

16HBE CF 17.5 mM 

+ ETI + Insulin 

 

Plate 4 

16HBE CF 5.5 mM 16HBE CF 5.5 mM + 

ETI 

16HBE CF 17.5 mM 16HBE CF 17.5 mM 

+ ETI 

16HBE CF 5.5 mM 16HBE CF 5.5 mM + 

ETI + Insulin 

16HBE CF 17.5 mM 16HBE CF 17.5 mM 

+ ETI + Insulin 

16HBE CF 5.5 mM + 

ETI 

16HBE CF 5.5 mM + 

ETI + Insulin 

16HBE CF 17.5 mM 

+ ETI 

16HBE CF 17.5 mM 

+ ETI + Insulin 

 

8.3.3. Dye Flux Test 

1. Remove plate with sample Transwells from the incubator and wash both apical and 

basolateral sides with warm KRH buffer once. 

2. Add fresh KRH solution (bilateral) and incubate for 90 minutes in the incubator to 

remove all growth factors and media supplements. 
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During the 90-minute wash 

3. Prepare a new Costar 3513 tray (12 well plate without Transwells), add 1 mL of warm 

KRH solution in the tray → Put in the incubator at 37°C. 

4. Prepare dyes in KRH solution. 

1) Need 8 mL of dye solution per 12 Transwell. 

i. 0.5 mL for each well (apical) → 0.5x12= 6 mL. 

ii. Need 2 mL for standard curve. 

b. Stock concentration for calcein (1mg/ml) and for dextran (5 mg/ml). 

2) Add 320 ul of calcein and 160 ul of dextran to 8 ml of KRH solution to get final 

concentration of 4 ug/ml of calcein and 0.1 mg/ml of Dextran. 

Compound Stock 

Concentration 

Volume 

needed to 

make 8 ml 

master mix 

Final 

Concentration 

Calcein 

(0.62kDa) 

0.1 mg/ml 320 µl 4 µg/ml 

 

Dextran 

(10kDa) 

5 mg/ml 160 µl 0.1 mg/ml 

 

5. Standard curve of dye: in 96 well for empty control and measurement (corning 3610). 

a. Make the following dilutions: 

 

When running 4 12-well plates 

1) Add 2560 µL of calcein and 1280 µL of dextran to final 64 ml of KRH solution to 

get final concentration of 4 µg/ml of calcein and 0.1 mg/ml of Dextran. 

 

Dilution 1 0.9 0.75 0.5 0.25 0.2 0.15 0.1 0.05 0.04 0.01 0

Add

500 uL dye

+ 0 uL of 

KRH

450 uL 

dye

+ 50 uL of 

KRH

375 uL 

dye

+ 125 uL 

of KRH

250 uL 

dye

+ 250 uL 

of KRH

125 uL 

dye

+ 375 uL 

of KRH

100 uL 

dye

+ 400 uL 

of KRH

75 uL dye

+ 425 uL 

of KRH

50 uL dye

+ 450 uL 

of KRH

25 uL dye

+ 475 uL 

of KRH

20 uL dye

+ 480 uL 

of KRH

5 uL dye

+ 495 uL 

of KRH

0 uL dye

+ 500 uL 

of KRH
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When the 90-minute wash if about to finish (~75 minutes) 

6. Measure TER resistance using chopsticks (this should take around 10 minutes). 

7. Aspirate off KRH from the old plate and transfer Transwells to the new plate with fresh 

and warm KRH. 

8. Add 500 µl of dye solution per Transwell to the apical side. 

a. Be careful not to drip any die on the basolateral side. 

9. Remove 100 µL of media from the basolateral side and transfer to a 96-well plate. 

a. Keep this plate covered in foil (light sensitive). 

b. Leave the last 3 rows of the plate empty for the standard curve 

10. Collect 100 µL samples from the basolateral side and transfer to the 96 well plate 

a. At time 0 hours 

b. At 1 hour 

c. At 2 hours 

d. At 2.5 hours 

e. At 3 hours 

11. Aspirate off apical and basolateral media, wash once with KRH (1ml bottom, 500 ul 

top), and replace with fresh KRH (1ml bottom, 500 ul top) 

a. This counts as the washing step for the next experiment  

12. Measure TER resistance using chopsticks 

13. Read the plate of collected samples using a plate reader 

8.3.4. Testing with insulin 

1. Make KRH with insulin and add insulin to your remaining dye. 
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a. To make 8 ml of 400nM insulin KRH media, add 32 µl of insulin (100uM stock) 

to 8 ml of KRH. 

i. For 4 plates, add 128 µL of insulin (100 µM) to 32 mL of KRH. 

ii. If you need to make more 100 µM insulin. 

iii. Add 29 µL insulin (688 µM stock) + 171 µL KRH buffer. 

2. Prepare a new Costar 3513 tray (12 well plate without Transwells), add 1 ml KRH with 

insulin solution in the tray and warm it in 37°C incubator. 

3. Aspirate off KRH from the old plate and transfer Transwells to the new plate with pre-

warmed KRH + insulin. 

4. Add 500 µl of dye solution + insulin per Transwell to the apical side 

a. Be careful not to drip any die on the basolateral side 

5. Remove 100 µl of media from the basolateral side and transfer to a 96-well plate. 

a. Keep this plate covered in foil (light sensitive). 

b. Leave the last 3 rows of the plate empty for the standard curve. 

6. Collect 100 µl samples from the basolateral side and transfer to the 96 well plate 

a. At time 0 hours 

b. At 1 hour 

c. At 2 hours 

d. At 2.5 hours 

e. At 3 hours 

7. Measure TER resistance using chopsticks. 

8. Read the plate using a plate reader. 
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8.4. Running qRT-PCR to test for changes in gene expression  

8.4.1. Background 

This protocol was used to isolate RNA from 16HBE cells cultured with different glucose 

concentrations and test the differences in gene expression of a subset of genes of interest.  

8.4.2. RNA isolation 

RNA was isolated using an RNA isolation kit (Zymo Research, R1054)293. Steps followed 

are mentioned below. Note that this protocol is also used to isolate RNA for RNA sequencing. 

1. Wash Transwells (Corning, 3460) once with 1XPBS. 

2. Add 250 µL of 1XPBS on the apical surface. 

3. Scrape cells using a 1mL pipette tip and transfer to RNAse-free microcentrifuge 

tubes. 

a. Combining cells from 2 wells per tube. 

4. Wash each well with 250 µL of 1X PBS to collect any remaining cells and transfer 

to the corresponding microcentrifuge tube. 

a. Each microcentrifuge tube should hold 1mL of cells in 1XPBS. 

5. Spin down at 500xg for 5 minutes to pellet the cells. 

6. Remove the supernatant and resuspend in 300 µL of lysis buffer. 

7. Load the lysed sample into the Spin-Away™ Filter1 (yellow) in a collection tube. 

8. Spin down at 16,000xg for 30 seconds. 

a. Note: All future centrifugation steps are performed at this speed for this 

duration unless otherwise noted. 

9. Save the flow-through and add 300 µL of 100% ethanol. Mix well. 
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10. Transfer the sample into a Zymo-Spin™ IIICG Column1 (green) in a collection 

tube. Centrifuge and discard the flow-through. 

11. Perform DNase treatment directly onto the membrane of the spin column. 

a. Wash the column with 400 µL of RNA Wash Buffer. 

b. Add 75 µL of DNAse Digestion Buffer and 5 µL DNase I previously mixed. 

c. Incubate at room temperature for 15 minutes.  

12. Add 400 µl RNA Prep Buffer to the column and centrifuge. Discard the flow-

through.  

13. Add 700 µl RNA Wash Buffer to the column and centrifuge. Discard the flow-

through.  

14. Add 400 µl RNA Wash Buffer and centrifuge the column for 1 minute to ensure 

complete removal of the wash buffer.  

15. Transfer the column into a nuclease-free tube and add 30 µl DNase/RNase-Free 

Water directly to the column matrix and centrifuge. 

16. Measure RNA concentration using a nano-drop machine.  

8.4.3. Reverse Transcription 

Follow instructions from QuantiTect Reverse Transcription Kit (Qiagen, 205311) to 

remove gDNA and turn the RNA into cDNA294. Plan to use 100 ng of RNA per PCR reaction.  

8.4.4. Real Time PCR 

1. Dilute the cDNA to in RNAse-free water (1:10 dilution). 

2. Add SYBR Green PCR master mix (Applied Biosystems, 4368706) to the diluted 

cDNA (1:1 dilution). 

3. Add 20 uL cDNA/SYBR Green mix to each well. 
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4. Seal the plate with the optical seal. 

5. Centrifuge the plate briefly in the plate centrifuge in the Fitzpatrick lab. 

6. Log into the StepOne Plus computer in the Fitzpatrick lab. 

a. User: Admin 

b. Password: BoomBoomPow 

7. Set up the protocol 

a. 95 °C, 10 min. 

b. 95 °C, 15 sec. 

c. 60 °C, 1 min. 

d. Repeat steps 2-3, 40 x. 

e. Melt Curve analysis. 

i. 95 °C, 15 sec. 

ii. 60 °C, 1 min. 

iii. 0.3 °C steps up to 95 °C, 15 sec each. 
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8.5. Immunostaining Protocol 

8.5.1. Background 

This protocol was used to fix and stain 16HBE cells and primary cells. I tested claudin 

expression and localization using this protocol. Neutrophil transmigration was also tested using 

this protocol. 

8.5.2. Protocol 

Notes: All steps were conducted at room temperature unless otherwise noted. A final 

volume of 500 µL was added to the basolateral side, and 200 µL was added to the apical side for 

all solutions unless otherwise noted.  

1. Wash Transwells (Corning, 3470) 3X with 1XPBS. 

2. Fix cells with 2% paraformaldehyde (PFA) diluted with 1X PBS for 10 min. 

3. Wash cells 3X with 1XPBS. 

4. Fix/Permeabilize with 1:1 Methanol/acetone - for EXACTLY 2 minutes. 

5. Wash cells 3X with 1XPBS. 

6. Wash/Block 2X with PBS/BSA (5 min/wash) 

a. PBS/BSA is 2% BSA in 1X PBS and it is made by diluting 1 gram of BSA 

(Sigma, A9418) into 50 mL of 1XPBS. 

i. I like to make my blocking buffer fresh each time. 

ii. Note: You can also use 2% goat-serum as a blocking agent, but it’s 

more expensive and gets easily contaminated. This is the preferred 

blocking agent by the Koval Lab, although I have not noticed any 

differences from BSA. To make it, put 1 mL goat serum in a 
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microcentrifuge tube and spin for 5 min at max speed (~17,000xg). 

Then add 0.4 mL of the supernatant per 20 mL of 1X PBS. 

7. Make primary antibody dilution in cold PBS/BSA. Keep on ice. 

a. These are the antibodies I used the most throughout this dissertation.  Their 

species and recommended dilations are also noted.  

i. ZO-1 (Thermo-Fischer, 33-9100) (mouse) (1:200) 

ii. CLDN-4 (Thermo-Fisher, 36-4800) (rabbit) (1:100)  

8. Add primary antibody solution to your samples. 

a. For Corning 3470 Transwells, add 300 uL on bottom and 70 uL on top.  

9. Incubate at 4°C overnight with gentle agitation. 

10. The next day, wash 3X with PBS/BSA (5 min/wash) 

11. Make secondary antibody solution in cold PBS/BSA. Keep on ice and covered from 

light. 

a. Alexa Fluor 488 anti-rabbit (Invitrogen, A-11008) (1:1000) 

b. Alexa Fluor 594 anti-mouse (Invitrogen, A-11005) (1:1000) 

12. Add secondary antibody solution to your samples.  

a. For 3470 Transwells, add 300 uL on bottom and 70 uL on top. 

13. Incubate on a shaker 1 h at room temperature. 

14. Wash 3X with PBS/BSA (5 min/wash). 

15. Wash 3X with PBS. 

16. Carefully cut out the membrane from the Transwell using a razor blade and transfer 

to a microscope slide with cells pointing up.  
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17. Cover the membrane with VECTASHIELD Antifade Mounting Medium with 

DAPI (Vector Laboratories, H-1200-10). Place a coverslip on top and seal the sides 

with clear nail polish. Let dry in a dark place overnight.  

18. Samples were imaged using a Nikon CSU-W1 SoRa Spinning Disk confocal 

microscope from Emory’s Integrated Cellular Imaging (ICI) core located in the 

HSRBI basement.  

8.6. Analyzing tight junction protein localization with confocal microscopy 

1. Open FIJI (Fiji Is Just ImageJ). 

2. Open the raw file image that you are interested in analyzing. 

a. Select “separate channels” when opening the image. 

b. The file should load in as 16-bit hyperstacks. 

3. You can close the DAPI stack, since it will not be needed to analyze tight junction 

localization.  

4. Assign the appropriate Lookup Table (LUT) color to each stack by clicking the 

“LUT” key on the toolbar. 

a. I usually assign the color “green” to my claudin channel the color “red” to 

my ZO-1 channel.  

b. If the image is not visible, you can go to Image > Adjust > 

Brightness/Contrast > Auto 

5. Take the maximum projection of each stack on the z-plane to generate single images 

instead of stacks 

a. Click the by clicking the “Stk” key on the toolbar, and then select “Z 

Project…” 
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6. Using the ZO1 max-z projected image, use the “Multi-point Tool” to label all the 

visible cells. 

7. Press “t” to add the selected points to the region-of-interest (ROI) manager 

a. Make sure the “show all” box is checked 

8. Use a random number generator to select 8 integers between 1 and the number of 

cells counted. 

9. Still working with the ZO1 max-z projected image, use the “segmented line tool” 

(right click on the line tool, select “segmented line”),to trace the circumference of 

each cell. 

a. Click ALT when making the first point!! Only need to do it once for the first 

cell outline. 

b. Right click to end the trace. Don’t put your final dot too close to the first 

dot, or it will end the trace at the previous spot.  

c. Press “t” after drawing each cell outline to save it to your ROI manager. 

d. You can rename the object created on the ROI manager with the cell number 

10. When you are done drawing all the cell outlines, select all the cell outlines on the 

ROI manager and click “Measure”. 

a. This will generate a result window with the ZO1 fluorescence intensity 

coming from each cell outline drawn. 

11. Save the result window as an excel file 

a. Make sure to identify this file as ZO1 results.  

12. Close the results window. 
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13. You can now open your other max-z projection image for the claudin channel and 

repeat the measuring process. 

14. Select all the cell outlines on the ROI manager again and click “Measure”. 

15. When done, save the result window as an excel file. 

a. Make sure to identify this file as CLDN results.  

16. Close the result window. 

17. Save and overlay of the cell numbers and outlines for each max-z projected image.  

a. In the ROI manager, make sure the “show all” box is selected and “labels” 

is unselected. 

b.  Press the “Flatten” button.  

c. Save the resulting image as TIFF file.  

18. Before closing the file, MAKE SURE TO SAVE ROI WINDOW TOO!! (right click 

and save as) and name it “ROI_Image X”. You can always open the image with this 

ROI file in the future if you need to make measurements again or export new 

images.  
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8.7. Running meal-like patters using PACCS 

8.7.1. Initial set-up 

The morning you need to start PACCS: 

4. Autoclave the media bottle and water reservoir 

5.3.3. I usually cover the water reservoir with aluminum foil and add 

autoclave tape 

5.3.4. Leave the media bottle unscrew and cover the top openings with 

aluminum foil and autoclave tape 

5.3.5. Run under “gravity” cycle on the autoclave  

5. Sterilize the PACCS lines 

5.3.3. Add ~100 mls of 70% Ethanol in a bottle 

5.3.4. Screw the input adapters 

5.3.5. Run 70% ethanol on the lines 

i. In the PACCS controller, go to “Manual Mode” and open channels 

1 and 2 

ii. You can use a beaker to collect the 70% ethanol coming out of the 

lines 

iii. Suction the ethanol you collected by submerging the vacuum lines 

in your beaker and opening channel 8 

5.3.6. Let ethanol sit on the lines for 15 minutes 

5.3.7. Cover the ends of the line with aluminum foil 

5.3.8. Drain the lines to remove the 70 % ethanol 
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i. I do this by reversing the direction of fluid flow from the peristaltic 

pump 

1. Switch the +/- cables and run channels 1 and 2 

ii. The reminder ethanol should evaporate by itself 

6. Sterilize the incubator 

5.3.3. I spray the inside the incubator with abundant 70% ethanol and wipe 

it with paper towels 

5.3.4. Let it air dry for ~5 minutes 

7. Turn on the incubator 

5.3.3. Add the autoclaved water reservoir with sterile water on the bottom 

5.3.4. Close the door and let the temperature and CO2 equilibrate for at 

least 1 hour 

8. Sterilize the PACCS Plate 

5.3.3. I usually spray down the plate, tray and lid with abundant 70% 

ethanol and put it in the cell culture hood to dry 

5.3.4. I also leave the plate under UV light for 30 minutes to sterilize 

5.3.5. I like to cover the inputs and outputs with aluminum foil 

i. I also spray down the foil before putting it in the hood 

5.3.6. Before adding Transwells to the plate, I like to wash the inside with 

3mls of 1X PBS per side 

8.7.2. Starting PACCS 

1. In the cell culture hood, add the required amount of media to your media bottle and 

transfer the bottle to the incubator. 
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a. Around 8 mL is needed per media change. 

Channel 1 (low glucose) changes media 6X a day = 48 mL/day 

Channel 2 (low glucose) changes media 3X a day = 24 mL/day 

Channel 3 (high glucose) changes media 3X a day = 24 mL/day 

Low glucose needed/day = 48+24 = 72 mL 

High glucose needed/day = 24 mL 

2. Connect the input adapters to the bottle. 

3. In the PACCS controller, go to “Manual Mode” and open channels 1 and 2 so media 

goes into the lines. 

4. You can run off some of the media to clear out any remaining 70% ethanol that 

could have been left behind from the line cleaning process. 

5. Make sure to collect the media in a beaker and cover the openings with sterile 

aluminum foil right away. 

6. In the cell culture hood, transfer Transwells to the PACCS plate. 

7. Quickly take the plate to the incubator. Connect the inputs and outputs. 

8. Run program 7 to add media to the plate (Table 8.1). 
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Table 8.1. PACCS meal-like pattern settings. This is currently stored in the ValveBank 

controller as program 7.  

 

Note: This program changes the media 3 times a day. The flow rate is ~285 ul/second. Opening 

the inputs for 28 seconds dispenses ~8 mls of media, which gets divided into 4 mls of media per 

plate side. The vacuum runs for 20 seconds by itself and later overlaps with the inputs for 12 

seconds to wash away any waste media left in the plate. 

 

  

Channel 1 (First input Low 

Glucose Control Plate)

Channel 2 (Second input  

Low Glucose Meal Plate)

Channel 3 (Third input 

High Glucose Meal Plate)
Channel 8 (Vacuum)

00:00:00.00 Loop Start (07)
00:00:00.00 Loop Start 

(07)
00:00:00.00 Loop Start (07) 00:00:00.00 Loop Start (07)

00:00:00.00 Open Valve 00:00:00.00 Open Valve 00:00:00.00 Open Valve

00:00:28.00 Close Valve 00:00:28.00 Close Valve 00:00:12.00 Close Valve

04:00:00.00 Open Valve 04:00:00.00 Open Valve 03:59:40.00 Open Valve

04:00:28.00 Close Valve 04:00:28.00 Close Valve 04:00:12.00 Close Valve

08:00:00.00 Open Valve 08:00:00.00 Open Valve 07:59:40.00 Open Valve

08:00:28.00 Close Valve 08:00:28.00 Close Valve 08:00:12.00 Close Valve

12:00:00.00 Open Valve 12:00:00.00 Open Valve 11:59:40.00 Open Valve

12:00:28.00 Close Valve 12:00:28.00 Close Valve 12:00:12.00 Close Valve

16:00:00.00 Open Valve 16:00:00.00 Open Valve 15:59:40.00 Open Valve

16:00:28.00 Close Valve 16:00:28.00 Close Valve 16:00:12.00 Close Valve

20:00:00.00 Open Valve 20:00:00.00 Open Valve 19:59:40.00 Open Valve

20:00:28.00 Close Valve 20:00:28.00 Close Valve 20:00:12.00 Close Valve

24:00:00.00 Loop End 24:00:00.00 Loop End 24:00:00.00 Loop End 23:59:40.00 Open Valve

68:00:00.00 End of List 68:00:00.00 End of List 68:00:00.00 End of List 24:00:00.00 Close Valve

24:00:00.00 Loop End

68:00:00.00 End of List
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8.7.3. While PACCS is running 

1. Once a day, check that PACCS correctly changes the media on your plates. 

2. Remember to manually change the media on your controls. 

a. Manual media changes used as a comparison (once a day). 

3. Store the plate with control Transwells in the same incubator. 

4. You can also store your media aliquot for your controls in the incubator. 

4. I usually let this program run for 5 days and take Ussing chamber readings on the fifth day. 
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