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ABSTRACT 

MOLECULAR BASIS OF APOPTOTIC-RESISTANCE IN IDIOPATHIC 

PULMONARY FIBROSIS FIBROBLASTS 

Sarah Bui, Ph.D. 

George Mason University, 2019 

Dissertation Director: Dr. Geraldine Grant 

 

Idiopathic Pulmonary Fibrosis (IPF) is a chronic and fatal form of interstitial lung 

disease. IPF is characterized by excessive remodeling of the lung parenchyma, which 

impairs gaseous exchange and proper oxygenation as a result of scar tissue in the 

interstitium. The fibrotic process is distinct from normal physiological wound healing due 

to the abundance of active fibroblasts that persist in densely fibrotic regions called the 

fibrotic foci and evade apoptosis through mechanisms not yet well-understood. In typical 

cell aging, the cell is primed with death signals to promote cell-turnover. However, 

fibroblasts at the foci displaying hallmarks of senescence (telomere attrition, p16+, p21+) 

are producing more collagen and migrating more despite the loss of proteostasis and 

organelle perturbation. This suggests activated fibroblasts likely require tonic expression 

of prosurvival proteins involved in cellular stress management in order to ensure survival. 

We postulate that the dysregulation of organelles, such as the mitochondria and 
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endoplasmic reticulum in aging cells, is a source of apoptotic-resistance observed in 

senescent IPF fibroblasts.  Here, we characterize the mitochondrial dynamics of IPF 

fibroblasts (fission, fusion, spatial redistribution, and network morphology) in the 

presence of Tunicamycin-induced ER stress.  We found that mitochondria in fibroblast 

populations of the IPF lung favored survival by maintaining mitochondrial membrane 

potential and retaining cytochrome c localization in the mitochondria. Mitochondrial 

genome expression was also correlated with patient prognosis, as measured by %FEV, 

FVC, and 6-minute walk test. The difference in mitochondrial response to ER stress can 

also be partially attributed to a maladaptive unfolded protein response (UPR) pathway in 

IPF fibroblasts. The ER stress sensor IREα, once activated, acts as an endoribonuclease 

and splices XBP1 into a functional transcription factor capable of regulating proapoptotic 

gene expression. We report a reduction in spliced XBP (sXBP1) —suggesting altered 

IRE-α regulation between IPF fibroblasts and normal fibroblasts. We demonstrate that 

Bax-Inhibitor-1 (BI-1), a protein overexpressed in IPF lungs, decreases ER stress 

sensitivity by negatively regulating IREα; knockdown of BI-1 resulted in the rescue of a 

normal fibroblast phenotype demonstrated by abrogating the antiapoptotic phenotype, 

reducing cell migratory capacity, and attenuating activated morphology.   

Upon exploring other chaperone proteins, FKBP10 was identified as a potential 

therapeutic target due to its role in collagen synthesis. We confirmed FKBP10-LH2 

protein:protein interaction by proximity assay and interfering with that binding using 

Tacrolimus and its non-immunosuppressant analogue resulted in decreased collagen 

secretion and deposition.  
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Finally, to selectively deliver drugs, mitotropic liposomes were prepared by thin-

film hydration, characterized, and tested in vitro. Trafficking was directed using the novel 

theory that, conjugation of a TPP cation to the surface of a lipid-based nanocarrier would 

enhance drug efficacy by delivering directly to IPF fibroblasts with hyperpolarized 

mitochondria. Collectively our data characterizes multiple senescence-associated 

apoptosis resistance mechanisms in IPF fibroblasts and demonstrates the utility of 

targeted, small molecule intervention of the observed pathways.     
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CHAPTER 1: INTRODUCTION TO IDIOPATHIC PULMONARY FIBROSIS 

Idiopathic Pulmonary Fibrosis (IPF) is a chronic, life-threatening interstitial lung 

disease characterized by excessive scar tissue predominantly in the lower peripheral lung 

zones1. Pulmonary function declines leading to poor blood oxygenation and eventually 

death due to organ failure within 3-5 years of diagnosis2.  At any given time there are 

approximately 200,000 diagnosed pulmonary fibrosis patients struggling to breathe 

nationwide and an estimated 48,000 additional new patients are diagnosed every year3,4. 

The diagnosis of IPF is currently done with high resolution computed tomography 

(HRCT), which frequently leads to misdiagnoses due to the subjective nature of assessing 

structural changes indicative of IPF such as “honey-combing” and other features like 

ground glass opacity, air-trapping, or nodules. Furthermore, major patterns of lung 

architectural changes are usually not seen by HRCT early in the disease progression, 

which is a barrier to a timely diagnosis of IPF. Because of this, patients often need to 

undergo risky and invasive procedures of surgical biopsies to confirm a diagnosis of IPF. 

The Interstitial Lung Disease Patient Diagnostic Journey (INTENSITY) surveyed 600 

ILD patients5 — 300 men (median age 69 years) and 300 women (median age 63 years); 

279 (47 percent) of whom had IPF. Results showed that 43 percent of patients had to wait 

more than a year from the onset of the first symptoms until diagnosis. Almost one in 

every five (19 percent) waited three or more years for a correct diagnosis. Appallingly, 
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more than half of the patients (55 percent) reported at least one misdiagnosis before 

receiving a correct diagnosis, with 38 percent receiving at least two misdiagnoses. Late 

diagnosis and limited treatment options result in an annual mortality rate of 40,000 

individuals per year, which is as many as that of breast cancer4. However, even once a 

correct IPF diagnosis is established, patient prognosis is dependent on response to 

therapy to slow the progression of disease. 

It was only in 2014, that the FDA approved two drugs for the treatment of IPF, 

pirfenidone - a drug with poorly understood mechanisms, and nintedanib - a tyrosine 

kinase inhibitor, mainly on the basis of their ability to reduce the decrease in forced vital 

capacity (FVC) and to slow the pace of fibrosis6–8. Although the etiology of IPF is not 

completely understood, the current disease paradigm shift involves the interplay of 

genetic9,10 and environmental risk factors11,12, age associated-processes and epigenetic 

reprogramming13, that result in profound changes to cells found in the lung. Historically, 

IPF was thought to be precipitated by repeated micro-injuries, potentially from inhaled 

infiltrates, to the alveolar epithelium which initiated an aberrant wound healing response 

involving activated fibroblasts called myofibroblasts. These myofibroblasts deposit 

collagen and distort lung architecture as the extracellular matrix is remodeled.  However, 

as emerging evidence through the years has indicated an age-related susceptibility, 

genetic pre-disposition, and environmental factors or damage in IPF pathogenesis (Figure 

1), we begin to better understand the complex molecular mechanisms that contribute to 

disease progression.    
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Figure 1 Model of Idiopathic Pulmonary Fibrosis pathogenesis 

Adapted14 from Mora et al. to illustrate the differences between normal lung parenchyma with open alveolar spaces, 

and the IPF lung parenchyma which has been remodeled by infiltrating senescent fibroblasts releasing soluble factors to 

further recruit and activate cells into myofibroblasts. Cellular senescence in the epithelium contributes to this loss of 

parenchymal architecture, as the cells undergo apoptosis and are out-competed by apoptotic-resistant myofibroblasts 

capable of propagating in this lung environment 

 

Environmental factors 

A subset of patients diagnosed with pulmonary fibrosis may have had a history of 

occupational exposures to asbestos or silica. Through inhalation of dust, these 

particulates cause injury to the lung and precipitate fibrosis15. Asbestosis and silicosis 

have both been used in mouse models to induce pulmonary fibrosis for in vivo studies16. 

More common exposures, however, come from working in jobs that involve farming, 

raising birds, hair-dressing, stone cutting/polishing, and exposure to livestock17. More 

common environmental factors include cigarette smoking, viral infections, and exposure 

to metal and wood dust.  

SASP 
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Military personnel are also subject to potentially harmful irritants and particulates 

that increase their risk of developing IPF. Over 2 million United States men and women 

have been deployed to Iraq and Afghanistan since 2001 and according to one study, 

fourteen percent of these veterans returned with some sort of lung complication. There 

have been reported cases of returning veterans suffering from lung symptoms similar to 

IPF when upon biopsy of the lung tissue revealed the presence of titanium, magnesium, 

and iron. Suspected causes are environmental exposures to garbage burn pits, dust 

storms, industrial emissions, and fires. 

In years prior, illness associated with being in the region was called Gulf War 

Syndrome and included progressive dsypnea18. There were 5.2 million who served during 

the Gulf War Era, representing the military population of the last 25 years. Gulf War 

troops were primarily exposed to DEET, organophosphate pesticides, and permethrin. 

They also inhaled smoke from 600 oil wells that were ignited19 by the Iraqi army for 5 

consecutive months in 1991. Among the first 20,000 Department of Defense 

Comprehensive Clinical Evaluation Program (CCEP) participants, there were 14 (0.07%) 

with confirmed interstitial pulmonary fibrosis20. Between 60,000 to 70,000 responders 

were exposed to the dust that clouded Manhattan and parts of Brooklyn, New York after 

the attack on the World Trade Center on September 11, 2001. The WTC dust contained 

airborne pollutants such as silicates, aluminum, magnesium, calcium sulfate and calcium 

phosphate. The healthy responders during the clean up and recovery at the crash site 

reported respiratory impairment in the years that followed, and some were later 

diagnosed with interstitial lung disease21. 
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Genetic predisposition 

IPF is the most common form of idiopathic interstitial pneumonias (IIP). When 

two or more individuals in a family are diagnosed with IIP, it is considered familial 

interstitial pneumonia (FIP). In many cases, a family history of IIP is the only identifying 

feature that distinguishes a diagnosis of FIP and IPF. It is estimated that 20% of IPF cases 

are familial22; but because diagnosis usually occurs late in the disease this percentage 

may be higher. Current studies of familial cases have identified a few candidate genes 

that may play a role in the pathogenesis of IPF. However, there is no single genetic link 

that is associated with FIP across all studied cohorts, due to the likelihood that multiple 

different genes are involved in and contribute to the heterogeneous presentation of the 

disease. Genetic mutations in surfactant protein C (SFTPC), surfactant protein A2 

(SFTPA2), telomerase reverse transcriptase (TERT), and telomerase RNA component 

(TERC) have been linked to FIP9,23. The highest genetic risk factor for sporadic IPF is a 

common variant in the promoter region of MUC5B, which encodes a mucin protein. This 

mutation is found in one-third of patients with IPF. High expression of MUC5B in the 

distal airways and cysts of IPF lungs has been noted with concurrent mucociliary 

dysfunction24. In alignment with these observations, single-cell RNA sequencing of 

epithelial cells in IPF lungs revealed a unique quasi-differentiated state of atypical cell 

populations - possessing features of both conducting airway and alveolar epithelial 

cells25. In addition to MUC5B, several variants of genes that participate in epithelial 

functions were also found to increase the risk of IPF: A mutation at intron 5 of DSP 

(desmoplakin) - an obligate component of desmosomes, is correlated with a 2.3-fold 
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increase disease risk26, and DPP9 (dipeptidyl peptidase 9) - a protein that influences cell–

ECM interactions, proliferation and apoptosis. Mutations that affect telomerase activity 

were also shown to increase risk of IPF.  

Age-related disease 

Epidemiological studies indicate the prevalence of IPF increases with age. The 

median age at diagnosis of IPF ranges between 50-85 years old27. Currently it is 

estimated that 18% of the US population is over 60 years old and in less than 30 years the 

percentage is predicted to rise to 27% - the equivalent of approximately 57 million 

individuals28,29.  People over the age of 60 are at a higher risk of developing IPF. The 

incidence of IPF rises exponentially between 50–85 years of age, whereas the prevalence 

in patients under the age of 50 is only 2–15% 30.  Data from US government health 

insurance3, several studies in Europe31 and investigations in Asia32 have also supported 

this striking association between IPF and aging.  

 

Aging Mechanisms in IPF 

Impairment of lung function is precipitated by age-related perturbation to 

complex molecular and cellular mechanisms. There is a large amount of data supporting 

this pathogenic view of IPF, which suggests a strong relationship between cellular 

senescence, susceptibility to IPF, and progression of the disease. Cellular senescence 

describes a state of irreversible growth arrest triggered by multiple factors. Senescent 

markers such as, p21 and positive beta-gal staining – indicative of senescence, were 

noted in several studies of IPF lung epithelial cells and IPF lung fibroblasts33. 
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Figure 2 Senescent Cell 
Illustration34 of changes associate with senescence in a cell, including decreased apoptosis, increased reactive oxygen 

species (ROS), and release of SASP factors. Various types of cell stressors can induce the senescent phenotype, such as 

mitotic stress, oxidative damage, and telomere attrition.  

 

 

Telomere Attrition 

One of the major functions of the telomere is to cap and protect the chromosome 

ends to maintain chromosome stability35. As a cell replicates, however, DNA-polymerase 

is unable to fully replicate the very end of linear DNA. The result is a loss in a section of 

the telomere at the 5' end of the lagging strand's daughter with each replicative cycle35. 

Telomere attrition is associated with familial IPF and sporadic IPF due to abnormalities 

in two telomerase genes (hTERT and hTR)9,35,36.  Using Terminal restriction fragment 

length (TRFL) analysis, a method of analyzing telomere length in 201 asymptomatic 

subjects, the rate of TRFL shortening in normal samples was 17 base pairs per year9.  

Telomerase, a reverse transcriptase, serves to elongate telomeres and to compensate for 

this progressive telomere shortening. In IPF, mutations in telomerase associated genes 

(TERC and TERT) impairs enzyme function and leads to critically short telomeres that 

are consequently recognized by the cell as DNA damage. Telomere shortening induces 
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senescence (permanent cell cycle arrest) or apoptosis when the damage is too severe in 

alveolar epithelial cells (AECII)35. However, impairment of epithelial cell function in IPF 

compromises the cells’ regenerative capacity37 and contributes to the formation of gaps in 

the epithelial basement membrane. This promotes the migration of fibroblasts through 

these gaps into the alveolar space and allows for more fibroblasts to propagate in an IPF 

lung.  

Organelle Dysfunction 

In addition to cellular senescence, telomere attrition also regulates mitochondrial 

function through p53 activation and repression of PGC1-α and -β (important regulators of 

mitochondrial biogenesis). Mice with TERT mutation observed impaired mitochondrial 

biogenesis and function38. Telomere shortening drives mitochondrial abnormalities such 

mitochondria enlargement, loss of cristae, and destruction of inner membranes39. While 

mitochondria have historically been viewed as a simple energy source for the cell, it is 

becoming increasingly clear that they also play a critical role in signaling for the cell. As 

a result, mitochondrial dysfunction has been implicated in lung fibrosis processes, 

particularly in the IPF fibroblast.  

Altered metabolism in the IPF mitochondria, resulting in increased lactic acid 

production is reported to aggravate the TGF-beta dependent activation of fibroblasts40. 

Lactic acid is produced when a cell does not undergo oxidative phosphorylation 

(OXPHOS). Although OXPHOS is energetically more favorable (producing more ATP 

molecules/glucose) than glycolysis, this metabolic shift to glycolysis is observed in IPF 

fibroblasts41. The up-regulation of a glucose transporter, GLUT1, was also observed in 
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fibrotic regions in the lungs of patients with idiopathic pulmonary fibrosis42 – indicating 

an early change upstream in mitochondrial respiration.  Pharmacologic inhibition of 

GLUT1 significantly reduced bleomycin-induced fibrosis in lungs of mice43. 

Furthermore, other studies have shown an increase in glycolytic enzymes: 6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), hexokinase (HK), and 

phosphofructokinase (PFK)44 in myofibroblast differentiation. Conversely, inhibition of 

lactate production via targeting lactate dehydrogenase-5 (LDH5) reduced myofibroblast 

differentiation45. In addition, alterations to mitochondrial beta-oxidation and tricarboxylic 

acid cycle, and glutamate/aspartate metabolism were found in IPF samples compared 

with control46. These changes in energy metabolism generate metabolites that participate 

in regulation of cellular functions such as proliferation, extracellular matrix production, 

autophagy and apoptosis47.  

An example byproduct of the IPF dysfunctional mitochondrial is excessive 

reactive oxygen species (ROS). Reactive oxygen species damage DNA and cause 

oxidative stress when the cell is unable to mount an effective antioxidant response. 

Reduced sirtuins SIRT1 and SIRT6 contribute to increase in oxidative stress observed in 

the IPF lung. More importantly, the IPF phenotype, increased alpha smooth muscle actin 

and collagen I expression, is inducible in the presence oxidative stress48. Interestingly, 

IPF fibroblasts which produce excessive levels of ROS appear resistant to apoptosis 

induced by oxidative stress in addition to other apoptotic inducers. The dysfunctional IPF 

mitochondria expresses less PINK149, a modulator of mitophagy. Decreased 
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mitophagy/autophagy has been associated with persistent activation of the mTOR 

pathway, which can contribute to greater resistance to apoptosis.  

Loss of Proteostasis 

Loss of protein homeostatsis (proteostasis) is also a common feature in aging 

cells50.  The 26S proteasome, 20S proteasome, and autophagy are the main proteasomal 

systems involved in recognizing and degrading misfolded or oxidatively damaged 

proteins produced by the ER51. These proteasomal subunits are part of the proteostatic 

network, which is also comprised of chaperone proteins and cochaperones; this network 

can be disrupted during senescence by the accumulation of oxidative, inflammatory and 

environmental exposures52.   Interestingly, the proteasomal activity of fibroblasts is 

upregulated in IPF but suffers diminished autophagic capabilities53. In IPF, several 

potential causes of ER stress that have been suggested, including misfolded mutant 

surfactant protein C that is retained in the cell. High levels ER stress markers and markers 

of Unfolded Protein Response (UPR) activation are observed in the alveolar epithelial 

cells of IPF lungs54 as well as IPF fiborblasts55.   

The regulation of stress response pathways can compensate for the acute and 

chronic protein misfolding in the normal cell. Accumulation of proteo-toxic stress is 

sensed by the endoplasmic reticulum (ER) through three canonical ER-transmembrane 

stress sensors: inositol-requiring enzyme 1α (IRE1α), pancreatic endoplasmic reticulum 

kinase (PERK), and activating transcription factor 6 (ATF6). Once activated these 

sensors transduce the Unfolded Protein Response (UPR), which aims to return normal ER 

function to the cell by modulating processes of transcription and translation56. The rate of 
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protein synthesis is decreased, protein folding/posttranslational modification capacities of 

ER is increased, and irreparably misfolded proteins are degraded by the proteasome. 

When the prosurvival efforts are exhausted, ER-stress related apoptosis commences.  

Studies using aged-mouse models suggest that the aging lung is more susceptible to 

injury and fibrosis associated with endoplasmic reticulum stress, apoptosis of type II lung 

epithelial cells, and activation of profibrotic pathways52. 

 

Fibroblasts in IPF Pathogenesis 

As mentioned, the putative agent of the IPF phenotype is the fibroblast, and IPF 

lungs are characterized by excessive numbers of fibroblasts found predominantly in 

fibrotic foci. Despite their over-abundance, IPF fibroblasts are deemed to be non-clonal, 

non-malignant and non-transformed cells. In IPF the fibroblast contributes to disease by 

overproliferation and deposition of excessive amounts of extra-cellular matrix (ECM)14 . 

This mass of ECM destroys the organ tissue architecture and function, leading ultimately 

to organ failure. The exact origin of the entire fibroblast population in fibrotic disease is 

unclear. However recent evidence suggests that this population is composed of a 

conglomeration of cells emanating from a number of potential pools within the organ and 

the body: interstitial fibroblasts, pericytes, mesothelial cells, fibrocytes, alveolar 

epithelial cells, perivascular Gli+ and MSC-like cells57–59.   Fibroblasts derived from 

bone marrow progenitors care called fibrocytes that are CD34, CD45, and Collagen 1 

positive. It is interesting to note however, fibrocytes contribute to less than 10% of the 

level of collagen production in tissue-derived fibroblasts60,61. Therefore, it is possible that 
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the fibrocyte may play an indirect role in fibrosis by secreting pro-fibrotic mediators, 

such as TGF-beta, to activate myofibroblast differentiation in locally derived tissue 

fibroblasts. Tissue derived fibroblasts are sourced from resident cells, such as from 

adventitial fibroblasts, epithelial, or endothelial cells undergoing mesenchymal 

transitions. Once activated, myofibroblasts express high amounts of Collagen 1 and 

Alpha-smooth muscle actin and become highly migratory. 

In the normal wound-healing response, fibroblasts are recruited to the site of 

injury and deposit ECM which acts as a scaffold to aid in tissue repair. Once the wound 

has healed, the fibroblasts disassemble the ECM with secretion of matrix-

malleoproteinases (MMPs) before undergoing apoptosis. In contrast, the fibroblasts in the 

IPF lung do not retreat and continue to deposit scar tissue, stiffening the ECM and 

promoting more fibroblast activation by mechanosensing and invasion resulting in 

accumulation to areas called the fibrotic foci.  

 

Study Design 

Cell senescence is an irreversible process; therefore, therapies have been designed 

to eliminate senescent cells and, in some cases, to reduce the induction of senescence or 

to attenuate SASP. Fibroblasts found predominantly in the fibrotic foci 

microenvironment demonstrate features of senescence and apoptotic-resistance. This 

fibroblast overpopulation and the resulting extracellular matrix/scar produced results in 

loss of the lung architecture, reduced gaseous exchange, and ultimately hypoxia. This 

hypoxic environment is a constant source of endoplasmic reticulum (ER) stress within 
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this fibroblast population, but interestingly the diseased fibroblasts are able to survive. 

The available anti-fibrotic agents only serve to slow the progression of fibrosis4. 

Currently, no drug on the market for the treatment of IPF utilizes a strategy to directly 

target the clearance of fibroblasts in the fibrotic foci. Using senolytic drugs to target the 

adaptive pro-survival mechanisms in these senescent fibroblasts has not been widely 

explored. A combinatorial medication regimen in which supplemental drugs sensitizing 

these apoptotic-resistant fibroblasts may synergistically improve the efficacy of currently 

available anti-fibrotic drugs and ultimately – improve the quality of life for persons 

affected by IPF.   

To test this approach a tunicamycin-induced model of ER stress was used to 

compare patterns of Unfolded Protein Response (UPR) activation between normal and 

IPF in vitro. The expression of proteins regulating UPR-induced cell survival were 

pharmacologically and genetically manipulated to identify the candidate molecular 

pathway. Consequential changes to fibroblast ER stress recovery capacity after genetic 

and pharmacologic manipulation may potentially identify aberrant protein modulator(s) 

of ER stress in IPF. Our overall hypothesis is: Idiopathic pulmonary fibrosis fibroblasts 

(IPF-F) have adapted a unique response to ER stress through regulation of the UPR  and 

selective chaperone proteins thereby, preventing apoptosis. Fibrosis can be mitigated 

through clearance of these apoptotic-resistant fibroblasts by targeting their acquired 

adaptive responses to ER stress. 
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Specific Aims 

The following aims were designed to provide mechanistic insight into the pro-

survival mechanisms by which the fibroblasts relevant to IPF pathogenesis attain their 

apoptotic-resistant phenotype: 

 

Aim 1. Exploration of pro-survival mechanisms  

Aim 1a) Investigation of the link between senescence expression and increased 

cell survival of IPF fibroblasts 

Experimental design: Primary human fibroblasts (PHLF) isolated from normal patient 

controls (n=5) and IPF-patients (n=5) (5000 cells/well 96-well plate) were seeded in 

triplicate for 24 hour Tunicamycin challenge to determine IC50 (Cell Titre Glo™).  RNA 

was isolated from Tunicamycin treated and untreated control fibroblasts seeded at a 

density of 1x105 cells on 100mm dishes and analyzed for collagen 1A gene expression 

correlated to cell survival. 

Aim 1b) The role of mitochondrial dynamics in IPF cell survival under ER stress 

Experimental design: Immunohistochemisty (IHC) analysis of IPF and normal lung tissue 

was carried out for the presence of ER stress markers (ATF4, spliced XBP1, ATF6, 

Grp78).  ICC analysis was carried out on IPF and normal fibroblast populations under 

Tunicamycin induce ER stress at time points (0, 1, 2, 4, 6, 8, 12, 24 hr) to observe 

mitochondrial spatial redistribution,  network morphology changes, and monitor 

membrane potential and cytochrome c release. 
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Aim 2. Identification of regulatory protein(s) involved in  UPR-induced fibroblast 

survival.  

Aim 2a) Identify the role, if any, for Bax-Inhibitor-1 (BI-1) in UPR-induced 

survival in IPF fibroblasts.  

Experimental design:  A BI-1 knockdown fibroblast cell line was developed using BI-1 

siRNA or a scrambled negative control siRNA, to investigate the role of BI-1 in UPR 

regulation. Knock down Protein isolation for western blotting of BI-1 in 3 different IPF 

fibroblast cell lines (biological triplicates) after 48-72 hours of silencing will determine 

siRNA efficacy.  These cell lines will be exposed to tunicamycin challenge and effects on 

downstream UPR activation will be monitored through western blotting and Q-PCR at 

various time points during the 24hr of challenge. 

Aim 2b) Confirm the role of BI-1 in IPF fibroblast survival under ER stress by 

circumvention - si-RNA gene silencing  

Experimental design:  The cell lines from Aim 1a will be used to quantify changes in 

mRNA and protein levels  Changes to pro-survival genes such Bcl-xL and pro-apoptotic 

genes for example CHOP, will be also be assessed before and after tunicamycin 

challenge. The cell lines will also be assayed for survival using Cell Titre Glo™ after 

apoptotic challenge with tunicamycin. 

Aim 2c) Assess the role of BI-1 in the pro-fibrotic phenotype of IPF fibroblasts 

via BI-1 knockdown.  
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Experimental design:  Explore changes to cell morphology and alpha-smooth 

muscle actin expression. Migration capacity will be functionally assayed through a 

scratch-test.  

 

Aim 3. To investigate the potential of chaperone protein, FKBP10, in  IPF fibroblast 

clearance. 

Aim 3a) Investigate regulation of FKBP chaperone proteins during ER stress    

Experimental design:  FKBP10, FKBP11, FKBP12, FKBP8 represent a subset of FKBP 

chaperone proteins that modulate different pathways significant to IPF pathogenesis. To 

elucidate the potential role of FKBPs in protecting the diseased fibroblast from ER stress, 

changes in FKBPs gene and protein expression will be assessed during tunicamycin 

induced ER challenge. In addition to FKBPs role as chaperone proteins, FKBP10 was 

also identified as an accessory protein for a collagen crosslinking enzyme, 

lyslhydroxylase 2 (LH2). To confirm the accessory function of FKBP10 in LH2 

dimerization, alphascreen technology will be utilized to confirm binding and enhanced 

protein-protein interaction of LH2 in the presence of FKBP10. His-tagged FKBP10 and 

Myc-DKK tagged LH2 will be used in the alphascreen to bind donor and acceptor beads. 

A cross-titration experiment will first be performed in 384-well white-bottom plates to 

determine the “hook point” for the optimal concentrations of both proteins and 

streptavidin donor and nickel chelate acceptor beads. The interaction between LH2-

FKBP10 will be characterized by florescence measured on a Tecan Spark multimode 

microplate reader platform.  
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Aim 3b) Investigate the effect of FKBP-binding drug: tacrolimus (FK506) on the 

fibroblast apoptotic-susceptibility. 

Experimental design:  To assess the role of Tacrolimus sequestration of FKBP10  on 

fibroblast survival under tunicamycin induced ER stress cells will be treated with a sub-

lethal concentration of Tacrolimus 24hr prior to a 48hr Tunicamycin apoptotic challenge. 

Cell survival will be determined by Cell Titre Glo™ and apoptosis via expression of pro-

apoptotic genes/proteins.  Alphascreen carried out with protein concentrations optimized 

in aim 3a will be used to confirm the inhibition of FKBP10 protein interaction with LH2 

by varying the concentration of Tacrolimus (FK506) and Tacrolimus analogue.  

Aim 3c) Characterize the immune and collagen suppressive potential of FK506 

analogue compared to parent drug FK506. 

Experimental design: FK506 immunosupressive capabilities arises from its inhibition of 

calcineurin activity, thereby preventing the translocation of the transcription factor 

Nuclear factor of activated T-cells (NFAT) from the cytosol into the nucleus. Nuclear 

NFAT translocation will be assessed in fibroblasts 48 hours after FK506 or Tacrolimus 

analogue treatment via immunocytochemistry and western blot of nuclear fraction 

isolation. Nuclear presence of NFAT is expected in cells treated with the analogue, while 

its absence from the nucleus is predicted in cells treated with the parent drug. The affinity 

of the analogue for FKBP10 will be tested by alphascreen assay and compared to that of 

the parent drug. Apoptotic-susceptibility in cells after Tacrolimus analogue treatment will 

also be compared to the results of Aim 3b. Collagen secretion will be quantified through 

a florescent assay wherein 4-DHPAA reagent can selectively detect N-terminal Gly-
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containing peptides (NGPs) of collagen in the presence of sodium borate and NaIO4. The 

supernatant media of cultured fibroblasts treated/untreated with FK506 or Tacrolimus 

analogue will be collected after 72 hours. Bacterial collagenase will be added to the 

supernatant to digest collagen into NGPs so the resultant florescent signal can be 

amplified. Collagen deposition/crosslinking will measured by collagen contraction assays 

in the presence of Tacrolimus and compared to a currently FDA-approved antifibrotic 

(Nintedanib). 

Aim 3d) Investigate the efficacy of an enhanced therapeutic outcome via directed 

nanoparticle deliver of anti-fibrotics to IPF fibroblasts, using a novel approach targeting 

mitochondria membrane potential. 

Experimental design: A modified liposome particle will be proposed and tested in vitro to 

demonstrate an approach of targeting drugs to IPF fibroblasts. Liposomes will be made 

using classical thin-film hydration methods and characterized for cytotoxicity, size, 

stability, and encapsulation efficiency. Fibroblasts will be treated with liposome-

encapsulated drug for 24h before RNA is isolated from the cells to compare 

downregulation of fibrotic markers against the free-drug (unencapsulated) treated cells at 

the same concentration. 
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Figure 3 Graphical Abstract 

Our overall hypothesis is: Idiopathic pulmonary fibrosis fibroblasts (IPF-F) have adapted a unique response to ER 

stress through regulation of the Unfolded Protein Response and selective chaperone proteins, preventing apoptosis. 

Fibrosis can be mitigated through clearance of these apoptotic-resistant fibroblasts by targeting their adaptive responses 

to ER stress. 

 

Aim 1 

Aim 3 

Aim 2 
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CHAPTER 2: APOPTOTIC-RESISTANT PHENOTYPE OF IPF FIBROBLASTS 

Background 

Endoplasmic Reticulum (ER) stress may promote fibrogenesis and activation of 

myofibroblasts within the lung55. The lung consists of many different cell types including 

alveolar epithelial cells, macrophages, myofibroblasts, and others that contribute to IPF 

progression. There is increasing evidence of this link between ER stress and the 

concerted efforts of profibrotic cell types62 in the pathogenesis of IPF, according to a 

number of recently published studies. 

  

Role of Endoplasmic Reticulum Stress and IPF 

 Alveolar epithelial cells (AECs) 

In earlier views of the disease, it was proposed that micro-injuries to the alveolar 

surface which is covered by large flat type I AECs and a small fraction of type II AECs, 

disrupted the integrity of the epithelium and initiated the aberrant wound healing 

response. During this insult to the epithelial lining, reports further suggested that ER-

stress increases AEC sensitivity to apoptosis following the injury and impairs the proper 

re-epithelization process. ER stress in AECs can be induced by numerous stimuli, among 

which exon4 deletion and L188Q substitution of SFTPC as well as SFTPA2 are 

classically identified in IPF patients54,63, and AECs are more prone to apoptosis after 
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bleomycin treatment. Furthermore, herpes virus proteins could be also detected in the 

same AECs that show evidence of ER stress54, implicating a potential role of ER stress in 

infection-related potential causes of IPF.  Environmental causes of IPF, such as exposure 

to asbestos, was modeled in vitro by using A549 cells – a human lung adenocarcinoma 

epithelial cell line – similarly showed an increase in ER stress-related proteins (IRE-1, 

spliced XBP1, and CHOP), and  ER Ca2+ release along with intrinsic apoptosis following 

asbestos treatment12. Suppressing ER stress and subsequent AEC apoptosis have been 

found to provide protection against pulmonary fibrosis during the early stages of IPF in 

both cell and animal models64.   

 Macrophages 

Pulmonary macrophages can be divided into two subtypes once activated. M1 are 

macrophages which can be classically activated to secrete pro-inflammatory cytokines, 

whereas M2 are macrophages are alternatively activated and repair tissue.  It has been 

well recognized that predominant infiltration of M2 macrophages in the areas of lung 

fibrosis acts as a vital regulator of fibrogenesis during IPF development and 

progression65,66.  

 Fibroblasts 

Additionally, the effector cells of the disease that deposit the large amounts of 

collagen and scar the lungs are the fibroblasts which differentiate into activated 

myofibroblasts. In 2012, Baek et al. observed ER stress markers were expressed not only 

by alveolar epithelial cells, but also in lung fibroblasts isolated from IPF patients. The 

study provided the first evidence of ER stress involvement in myofibroblastic 
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differentiation. In the study, TGF-β1 induced fibroblast activation of mouse and human 

cells was accompanied by ER stress associated proteins (GRP78, XBP-1, and ATF6) as 

fibrotic markers (α-SMA and COL1) increased. The results are supported by the previous 

observation of ER-stress in the differentiation of many other cell types, including 

adipocytes, plasma cells, T-cells, and dendritic cells.  

Although the many resident cells and cells which are eventually recruited to lung 

during fibrotic progression are sharing a similar microenvironment characterized by the 

abundance of ER stress inducers, their cellular response to the stress is not the same. 

Some cell types, such as the AT2 and AT1 cells which line the alveolar epithelium 

become primed for apoptosis; while in contrast, the fibroblasts become less sensitive to 

apoptosis. The cross-talk between the organelle responsible for sensing and coping with 

ER stress (the endoplasmic reticulum) and the organelle that can respond to that stress by 

initiating a cell death pathway (the mitochondria) is complex - and as with many 

biological pathways, involve feedback regulation.   

Mitochondria, ER and apoptosis 

The differences in these signals sent from the endoplasmic reticulum to the 

mitochondria can modulate apoptosis. IPF is characterized by abundant foci of highly 

active fibroblasts and myofibroblasts resistant to apoptosis. The mechanism for the 

resistance of IPF fibroblasts to apoptosis has been attributed to many different pathways: 

decreased Fas expression67, increased Survivin68, epigenetic changes69,70, and constitutive 

activation of prosurvival signaling pathways25. These hypotheses ultimately highlight the 

modulation of apoptotic signaling72 within the IPF fibroblast involving communication 
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between two important organelles: the mitochondria and endoplasmic reticulum (ER) to 

commit to either apoptosis or management of cellular stress. 

The ER not only functions to package and modulate proteins via the 

endomembrane system, it also acts as a calcium store. Intracellular calcium is shuttled 

into the ER through specialized SERCA pumps (sarco/endoplasmic reticulum Ca2+ -

ATPase) to maintain oxidizing conditions sufficient for protein. Calcium ions can also be 

released from the ER during signaling, by ER-specific ion channel IP3. Once calcium is 

in the cytoplasm, it acts as a second messenger to activate cellular processes. The Ca2+ 

ions released from the ER also act to depolarize the mitochondrial membrane. The 

mitochondria loses its electrochemical gradient of the outer membrane and the integrity 

of the membrane is compromised73. The formation of pores in the mitochondrial outer 

membrane (MOM) leads to pro-apoptotic leakage of cytochrome c into the cytoplasm, 

ushering the apoptotic cascade.  

Participating in these events are the Bcl-2 family proteins, which are classified as 

pro-apoptotic or anti-apoptotic. The pro-apoptotic members of the Bcl-2 family- Bid, 

Bad, Bax, play a role in mitochondrial outer membrane permeabilization (MOMP)74. 

During MOMP, cytochrome c and Smac/Diablo are released from the mitochondria into 

the cytosol. Cytochrome c binds to Apaf-1 and dATP, to form a complex with pro-

caspase 9 known as the apoptosome. This protein complex then activates caspase 3 and 

deactivates inhibitor of apoptosis proteins (IAPs) and the pro-apoptotic cascade ensues. 

That said there are however, some intrinsic apoptotic pathways are cytochrome c 

independent73.  
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In IPF fibroblasts, the Bcl-2 family antiapoptotic proteins such as Bcl-XL have 

been found to be upregulated; and as a result, are the center of therapeutic approaches 

using BH3 mimetics75 capable of sequestering Bcl-XL to promote clearance of these 

fibroblasts by enhancing membrane pore formation on the mitochondria. Additionally, 

KCNMB1 was one of the top differentially methylated genes identified in IPF fibroblasts 

by Scruggs and Huang76. KCNMB1 codes for the beta subunit of the large conductance 

potassium channel (BK) located on the mitochondria. They noted that, increased BK 

channel activity helped promote myofibroblasts resistance to apoptosis by increasing 

levels of intracellular calcium ions, which modulated expression of cell cycle inhibitors, 

and affected mitochondrial membrane potential76.  In studies describing the link between 

mitochondrial defects and calcium uptake in lung fibrosis, mitochondrial 

hyperpolarization is observed in smooth muscle cells77 of the pulmonary artery. In the 

context of disease and apoptotic-resistance, cancer cells’ hyperpolarized mitochondria 

prevent the formation of mitochondrial membrane pores78. The maintenance of the 

mitochondrial membrane potential prevents cytochrome c release and subsequent 

apoptotic cascade.   

As cells undergo senescence, there are alternations to how the ER perceives 

cellular stress51,64 and how the mitochondria execute molecular signals79–82 that regulate 

functions such as apoptosis. In IPF fibroblasts localized in the fibrotic lung 

microenvironment, the communication between these two organelles has been previously 

proposed to be maladaptive83. Meaning, that activated IPF fibroblasts have adapted to 

their chronic ER stress environment in a way that propagates disease. 
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ER stress in the IPF lung may be due to a number of precipitating factors: 

proteostasis burden on the ER from increased collagen synthesis and SASP factor 

demands, ROS production from dysfunctional mitochondria, and a hypoxic lung 

microenvironment.  What is not clear, however, is why IPF cells react differently to the 

ER-stress challenge. Therefore, the aim of this chapter is to characterize the differences 

in ER stress management between PF and normal fibroblasts which results in disease 

fibroblasts ability to evade apoptosis and propagate in the IPF lung when they should not.  

By investigating the pro-survival mechanism in IPF derived human fibroblasts, it 

is proposed that these adaptive pathways could be targeted to reverse the apoptotic-resistant 

fibroblast phenotype and sensitize these cells to death signals. We proposed that the 

induction of apoptosis in vitro would reveal differences in apoptotic mechanisms between 

IPF fibroblasts and normal fibroblasts. These proposed investigations will lead to a better 

understanding of the fibroblast population in IPF and ultimately aid us in discovering better 

molecular targets in future therapeutics so that the normal fibroblast and epithelial 

populations are preserved while promoting the clearance of IPF fibroblasts.  

Myofibroblasts isolated from the lungs of IPF patients show increased migratory 

phenotypes, increased pro-fibrotic mediator production, and most strikingly, resistance to 

apoptosis68,72. To model ER stress in the lung we employed the used of Tunicamycin, 

which inhibits N-glycosylation of proteins, to cause a burden on the endoplasmic reticulum 

(ER). We have found an increased resistance and survival in IPF cells to face of this ER 

challenge as compared to normal fibroblasts.  
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An additional layer of uniqueness to this study was the populations studies.  In our 

isolation protocol we employ the use of a panning technique. This methodology allows for 

the isolation of homogenous populations from a heterogeneous lung and is essential to our 

understanding of the subpopulations that exist in this disease, and how that heterogeneity 

may reflect in the differences observed in disease progression between individuals. The 

senescent fibroblast subpopulation, which is found at the fibrotic foci, is unique from other 

fibroblast subpopulations and therefore warrants investigation as to how these fibroblasts 

respond to changes in their environment. In this chapter, we explore the apoptotic-resistant 

phenotype of senescent IPF fibroblasts during ER stress. Specifically, we focus on the 

mitochondria, as this organelle is the executor of apoptotic cascades and communicates 

closely with the ER during cellular stress.  

 

Methods 

Materials 

All chemicals and supplies were purchased from Fisher Scientific (Pittsburgh, 

PA) unless specified. Antibodies were purchased from Cell Signaling Technology 

(Danvers, MA)) and primers from Integrated DNA Technologies (San Diego, CA). 

Tunicamycin was purchased from Cayman Chemical (Ann Arbor, MI).   

Lung procurement 

IPF lung tissue was obtained through Inova Fairfax Hospital (VA). All normal 

control lungs were obtained through the Washington Regional Transplant Community 

(WRTC). Appropriate written informed consent was obtained for each patient and donor 
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by Inova Fairfax hospital and the WRTC. This study was approved by the Inova Fairfax 

Hospital Internal Review Board (IRB #06.083) and the George Mason University Human 

Subject Review Board (Exemption #5022). All experiments were performed in 

accordance with relevant guidelines and regulations. 

Primary fibroblast isolation and culture 

The primary fibroblasts used in this study were isolated from human lungs 

procured in the operating room within minutes of explantation. The lungs were oriented 

from apex to base, and all samples used in this study were taken from the peripheral 

lower lobe of the lung. Fibroblasts were isolated from the lung tissue of 6 patients with 

advanced IPF (IPF-F) and 4 normal lungs (NHLF) using differential binding. Differential 

binding applied in this study is a modified protocol from that previously described84. 

Samples were dissected into 1-2 mm2 pieces and subjected to enzymatic digestion in 

0.4% collagenase P (Roche, Indianapolis, IN) complete media (CM) (Dulbecco Minimal 

Essential Media (DMEM) containing 10% batch controlled fetal bovine serum (FBS), 

penicillin (100 I.U/ml), streptomycin (100 MCH/ml), amphotericin B (0.25 M.C.G./ml 

P/S/A) and 0.1% DNase1, at 37oC and 5% CO2 for 2 hours. The resulting material was 

passed through sterile cell filters (40, 100µ nylon mesh) to remove undigested tissue and 

remaining cells were pelleted by centrifugation at 1000g for 5 min. The pelleted cells 

were then suspended in complete media and seeded onto non-tissue culture plastic for 10 

minutes at 37oC and 5% CO2 to remove macrophages. The supernatant containing all 

unattached cells were then transferred to tissue culture treated plastic at 37oC and 5% 

CO2 for 45 minutes. The attached fibroblast population was then vigorously washed with 
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PBS to remove any unattached cells. .Fibroblasts were cultured in vitro ≤ 80% 

confluence and maintained within a 10 passage range in complete media (Dulbecco’s 

Modified Eagle medium (DMEM, Invitrogen) supplemented with 10% Foetal Bovine 

Serum (FBS, Valley Biomedical, VA) and 10,00 units/mL of penicillin, 10,00 µg/mL of 

streptomycin, and 2.5 µg/mL of Fungizone® (PSF)).  

SA-β-gal staining assay 

Cells were washed in PBS, fixed for 3-5 min (room temperature) in 2% 

formaldehyde/0.2% glutaraldehyde (or 3% formaldehyde), washed, and incubated at 

37°C (no C02) with fresh senescence-associated (β-Gal (SA-,β-Gal) stain solution: 1 mg 

of 5-bromo4-chloro-3-indolyl P3-D-galactoside (X-Gal) per ml (stock =20mg of 

dimethylformamide per ml)/40 mM citric acid/sodium phosphate, pH 6.0/5 mM 

potassium ferrocyanide/5 mM potassium ferricyanide/150 mM NaCl/2 mM MgCl2. 

Staining was evident in 2-4 hr and maximal in 12-16 hr. Cells were washed with PBS 

twice and preserved in Glycerol for imaging. 

Hematoxylin and Eosin  

Immunohistochemistry and staining was performed with formalin-fixed paraffin-

embedded (FFPE) tissue using standard protocols using consecutive sections. Slides 

containing paraffin sections were placed in a glass slide holder. The tissue section was 

deparaffinized and rehydrated by adding xylene onto the slide for 4 minutes (twice). 

Xylene was removed and followed by two 100% Ethanol drying steps – the first time for 

2 minutes and upon repeat, 3 minutes. Then 95% Ethanol was added to the slide for a 1 

minute incubation, and replaced with 75% Ethanol for an additional 1 minute. Next, 
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~200µL of Hematoxylin was added to cover just enough of the tissue on the slide and left 

on for 4 minutes. The slide was rinsed gently with a stream of tap water for 30 seconds, 

after which 1% Hydrocholoric acid was added for exactly 20 seconds. The slide was 

rinsed again under tap water for 30 seconds. It was transferred to Scott’s tap water 

substitute and dipped 20 times. The slide was washed again under tap water for 30 

seconds, before the 30 second 70% Ethanol wash. For the Eosin stain, ~200µL of the 

stain was added to cover the tissue on the slide and left on for 2 minutes. Afterwards, the 

slide was subjected to the following Ethanol washes: 95% EtOH for 1 minute (twice), 

100% EtOH for 2 minutes, and 100% EtOH for 3 minutes. Xylene was added twice, 3 

minutes each time to the slide. The slide was allowed to dry before Cytoseal and a 

coverslip was added. All images were taken on the EVOS FL Auto Microscope. 

Pretreatment of cells 

Prior to each experiment, all cells were pretreated in the same manner.  

Specifically cells were grown to 90% confluence and serum-starved overnight. Cells 

were seeded the following day at 5000 cells per well in a 96 well plate, or 1x106 cells for 

a 100mm2 dish, in complete media without PSF, and allowed to attach overnight (over 

16-24 hours). Negative controls included cells in media and compared to Tunicamycin 

treated cells. After 24 hours, cells were flash frozen in liquid nitrogen and stored at -80ºC 

for RNA and protein analysis. 
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Total RNA Extraction 

 Total RNA was extracted using the RNeasy® Kit (Qiagen) from treated and 

untreated control cells. All RNA was quantified using a Nanodrop™ spectrophotometer 

(Nanodrop™ 3.0.0, Agilent Technologies) and stored at -80ºC. 

Quantitative RT-PCR  

1 μg of total RNA was reverse-transcribed into complementary DNA using Verso 

cDNA kit (Thermo Fisher). qPCR was carried out using Quantifast SYBR green PCR kit 

(Qiagen). All gene expressions were normalized to 18S gene expression using the 

Comparative Ct 2-(delta)(delta)Ct method85.  Gene expression was analyzed for: 

 

Table 1 Primer List 1 

Primer Forward Reverse 

CCND1 GTGCTGCGAAGTGGAAACC ATCCAGGTGGCGACGATCT 

BCLXL TGCATTGTTCCCATAGAGTTCCA CCTGAATGACCACCTAGAGCCTT 

CDKN1A 

(p21) GAGACTAAGGCAGAAGATGTAGAG GCAGACCAGCATGACAGAT 

CDKN2A

(p16) TGAGCTTTGGTTCTGCCATT  AGCTGTCGACTTCATGAC AAG 

SERCA2 GGTGGTTCATTGCTGCTGAC TTTCGGACAAGCTGTTGAGG 

BCL2 CATGCTGGGGCCGTACAG GAACCGGCACCTGCACAC 

DRP1 GCTCCAGGACGTCTTCAACA GTTTTTCCATGTAGCAGGGTCA 

MFN2 CCGAGCCTCTGCGTCGT GTTGACTCCACCAGTCCTGA 

OPA1 CTGTGGCCTGTGAGGTCTG CGTTTCTTCCGGAGAACCTGA 

NDUSF1 TCGGATGACTAGTGGTGTTA TTATAGCCAAGGTCCAAAGC 

NDUSF3 CAACAAGTTCAGGTGTCCTGC CAAGCTTGAGACTCTCCGGG 

NDUSF4 GTGGTACTGAGGCAGACGTTGT GTCCTGTGCCAATCTCCATGTG 

HK2 AGATTGAGAGTGACTGCCTG ACAGTGCACACCTCCTTAA 

PDK1 CCGCTCTCCATGAAGCAGTT TTGCCGCAGAAACATAAATGAG 

PDK3 CAAGCAGATCGAGCGCTACTC CGAAGTCCAGGAATTGTTTGATG 

18S AGGAATTCCCAGTAAGTGCG GCCTCACTAAACCATCCAA 
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Cell Viability 

Normal and IPF fibroblasts (n=6) were grown to 80% confluency and then serum 

starved overnight to synchronize and seeded at 5X103 cells per well of a 96-well TC 

plate.. The cells were treated with 100ng/ml Tunicamycin (80µM) for 24 hours. Cell 

survival was determined by using the CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega, Madison, WI). 

Total Protein Extraction 

Total Protein Extraction. Total cellular protein was isolated using RIPA buffer 

(Pierce), with addition of complete mini protease inhibitor cocktail tablets (Roche) and 

PhosSTOPTM phosphatase inhibitors cocktail tablets (Roche) per the manufacturer’s 

instructions. Lysed cells were centrifuged at 13,000Xg for 20 minutes to remove cellular 

debris. The resulting supernatant was collected and stored at -80ºC. Total protein 

concentration was determined by Bradford assay (Bio-Rad). 

Immunoblotting 

30μg of total cellular protein from cells that were seeded, serum starved, and 

challenged with 100ng/mL Tunicamycin for 24 hours was subjected to gel 

electrophoresis using a 4-12% Bis-Tris gradient gel (Invitrogen). Visible molecular 

weight markers were included (Dual Precision Plus Marker, Bio-Rad or Pre-Stained 

Protein Ladder, Fisher). Proteins were transferred to nitrocellulose membrane using the 

iBLOT® system (Invitrogen) for 7 minutes. All membranes were blocked with 5% non-

fat dried milk in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) for 1 

hour at room temperature. After blocking, the TBS-T was replaced with TBS-T 5% non-
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fat dried milk containing primary antibodies (Cell Signaling) at the recommended 

concentration (Table 2) for incubation overnight at 4ºC. After overnight incubation each 

membrane was washed 5 times for 5 minutes (5x5mins) with TBS-T, followed by 

incubation with the appropriate horseradish peroxidase (HRP)-linked secondary 

antibodies in TBS-T 5% non-fat dried milk for 1 hour at room temperature. Post-

secondary antibody incubation, each membrane was washed with TBS-T 5X5min then 

visualized by incubation with chemiluminescent Super Signal West Femto Max 

Sensitivity Substrate (Pierce). For normalization blots were then stripped using Restore 

Western Blot Stripping Buffer (Thermo Scientific) according to the manufacturer’s 

protocol. Each membrane was then re-probed with an appropriate loading control primary 

antibody (GAPDH or VDAC) and secondary antibody as previously described. All 

immune-blots were imaged using ChemiDocTM XRS System (Bio-Rad) and 

densitometry analysis was performed using Quantity One software (Bio-Rad). Protein 

expression was normalized to GAPDH (ab 5174, Cell Signaling) or VDAC (Fisher) for 

the mitochondrial proteins.  
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Table 2 Antibody List 1 

Antibody  Manufacturer  Catalog Number 

Bcl-XL Cell Signaling 2764T 

GAPDH Cell Signaling 2118S 

VDAC Fisher PA5-51156 

OPA1 Cell Signaling 80471 

Phospho-MFF Cell Signaling 49281 

Phospho-DRP1 Cell Signaling 5391 

MFF Cell Signaling 84580 

DRP1 Cell Signaling 5391 

Mfn2 Cell Signaling 11925 

Mfn1 Cell Signaling 14739 

 

 

Immunocytochemistry 

IPF fibroblasts and normal fibroblasts were seeded, serum starved, and treated 

with 100ng/ml Tunicamycin for 24 hours. Control groups were untreated. After 24 hours 

the slides were fixed in 1.6% paraformaldehyde for 10 minutes at room temperature. 

Slides were then washed with PBS and permeabilized with (X-100) Triton X. Each slide 

was then blocked with 1% BSA in PBS for 2 hours at room temperature. 

Immunocytochemistry (ICC) was performed by incubation overnight at 4ºC in 

Cytochrome c antibody (Cell Signaling) diluted in PBS with 1% BSA concurrently. 

Subsequent to primary incubation, slides were washed 3X 5mins in PBS followed by 

incubation with species complimentary secondary antibodies conjugated with 

AlexaFluor® for 1 hour at room temperature in the dark. Each slide was then washed 

3X5mins in PBS. F-Actin cytoskeleton of cells were visualized by counter-staining with 

Phalloidin for 30 minutes. Slides were then mounted in CytosealTM XYL (Richard-Allan 
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Scientific) and covered with a cover slip. Visualization was carried out using a EVOS 

Fluorescent microscope.  

Mitochondrial Dynamics 

Live mitochondrial membrane dynamic was evaluated using, 

tetramethylrhodamine, ethyl ester (200nM) TMRE-Mitochondrial Membrane Potential 

Assay Kit (Abcam; ab113852). TMRE is a positively charged dye and fluorescence 

indicates a positive stain for negative membrane potential. MitoviewTM (200nM Biotium) 

was also utilized to stain for mitochondria as staining occur independent of membrane 

potential maintenance. NucBlue™ Live ReadyProbes™ Reagent (Fisher) was used to 

stain for cell nuclei according to the manufactures insturcutions. Live cells imaged on 

EVOS FL Auto and relative fluorescence was quantified using microscope software.  

Immunohistochemistry 

 Formalin-fixed and paraffin-embedded IPF and normal tissue slides were first 

deparaffinized with sequential washes in xylene, ethanol, and rehydrated with nuclease-

free water. Antigen retrieval was performed on the rehydrated slides by pressure cooking 

for 3 minutes (at boiling) in 5mM sodium citrate buffer (pH 6.0). Following antigen 

retrieval, the slides were cooled on ice for 5 minutes and blocked with 1% BSA in PBS 

for two hours at room temperature. Double IHC was performed by incubation overnight 

at 4ºC in primary antibody diluted 1:1000 in 1% BSA. The following antibodies were 

used for IHCs performed in this chapter: 

Anti-Ms Alpha-smooth muscle actin (abcam) 

Anti-Rb Bip (Grp78) (Cell Signaling) 
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Anti-Rb p16 (abcam) 

After primary antibody incubation overnight, slides were washed the next day with PBS, 

by dipping slides 3X in 3 separate wash steps by replacing fresh PBS into the glass slide 

holder. The slides were then incubated with species complementary secondary antibodies 

conjugated to either fluorophores (Texas Red or FITC) for 1 hour at room temperature 

away from light. The slides were then wash in PBS 3X by dipping method followed by 

counter staining for nuclei and with DAPI (2mg/ml in PBS) for 30 minutes. A coverslip 

was mounted on each slide using CytosealTM  XYL (Richard-Allan Scientific). Images 

were processed using EVOS FL Auto microscope and software. 

Telomere Length 

Absolute telomere length was determined using previously published PCR 

protocol86 with the following modification: in place of the single copy gene included in 

the published protocol we elected to use the same beta macroglobulin 2 (B2M) region in 

the mitochondrial assay.  All data is reported as a means of 3 measurements.    

Patient Stratification 

IPF (n = 18) patient demographic information was recorded by INOVA and 

shared with GMU through approved protocols. Peripheral blood (9mL) was collected, 

and peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque Plus 

(GE Healthcare). RNA was extracted using the Qiagen RNeasy kit (Qiagen). Sequencing 

was conducted by Novogene. Analysis of said gene expression was done so using 

Geneious bioinformatics suite. 
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Statistical Analysis 

All analyses were carried out using Excel. An unpaired t-test was performed to 

calculate the statistical significance of qRT-PCR data, florescence intensity, and 

densitometry results of Western blots. 

 

Results 

Isolation of Senescent IPF Fibroblasts 

 The hallmark of IPF are the fibrotic foci, and IPF fibroblasts display the ability to 

form these foci in regions of heavily dense fibrosis. H&E staining of IPF lung tissue 

showed increased collagen deposition at the fibrotic foci (Figure 4A). The center of the 

foci is positive for the fibroblasts marker, alpha-smooth muscle actin (αSMA), which co-

stains for the senescent marker, p16 (Figure 4B). 

 

 

Figure 4 IPF fibroblasts at the fibrotic foci of diseased tissue are senescent cells 

A) H&E of IPF lung tissue showing late stage fibrogenesis, and little airway space remaining. Extracellular matrix is 

stained by hematoxylin (dark pink) and predominantly collagen deposition. Nuclei of cells are stained in blue.  The 

white-dashed box highlights fibrotic foci that contains senescent fibroblasts (green arrows). B) Florescent IHC of the 

same tissue section shows the cells in the foci are positive for fibroblast marker alpha-smooth muscle actin (green) and 

senescent marker p16 (red). DAPI (blue) staining of nuclei. Magnification = 10X H&E; 20X IHC 

A B 
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We have previously reported the development of a method for the isolation of IPF 

and normal fibroblasts (IPF-F and NHLF) directly from lung tissue without the 

confounding effects of long term tissue culture. This method revealed over 1700 

significantly differential expressed genes between NHLF and IPF-F at the time of 

isolation. This method involves using the differential binding affinity of fibroblasts as 

compared to other less adherent cell types to pan a selective population of fibroblasts 

from decellularized donor lung tissue84,87. The process of this panning method is 

illustrated in Figure 5.  

 

 

Figure 5 Differential affinity binding method to isolate primary human lung fibroblasts 

Schematic of primary fibroblast isolation technique.  
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The IPF fibroblasts cultured from this isolation method were found to be more 

senescent than fibroblasts cultured from normal donor lungs through a characterization of 

telomere length, replicative capacity, and classical beta-galactosidase (β-gal) staining of 

these cells. IPF fibroblasts (IPF-F) have shorter telomere lengths when compared to 

normal fibroblasts (NHLFs) (Figure 6) suggesting cellular senescent-associated telomere 

shortening in diseased fibroblasts. On average, the difference in telomere lengths between 

NHLFs and IPF-Fs is 51.3kb/genome. Another hallmark of aging observed in IPF 

fibroblasts is decreased replicative capacity, as supported by the decrease in cell cycle 

maker Cyclin D and an increase in p21 gene expressions (Figure 7). The upregulation of 

Bcl-XL was also noted in the IPF fibroblast population (Figure 7), which is a pro-survival 

marker. The morphological changes typical of a senescent phenotype was observed, 

along with positive blue beta-gal staining in IPF fibroblasts (Figure 8).  
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Figure 6 Telomere Length of IPF and Normal Fibroblasts 

Telomere lengths of primary fibroblasts isolated from normal human lung (NHLF; n=6) and IPF (IPF-F; n=6) of age-

matched patients and relatively matched passages were measured using qPCR. Shorter telomere lengths were observed 

in the IPF-F population as compared to the NHLFs. On average, the non-statistically significant difference in telomere 

lengths between NHLFs and IPF-Fs is 51.3kb/genome. 
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Figure 7 Gene Expression of Markers Associated with Senescence in IPF and Normal Fibroblasts 

RT-PCR of RNA isolated from normal (n=4) and IPF (n=4) fibroblasts was used to determine the mRNA expression of 

genes related to replicative potential (Cyclin D), cell survival (BCL-xL), and senescence (p21) normalized to 18S 

mRNA. 

 

 

 

 

 

Figure 8 Beta-Gal Staining of Primary Human Fibroblasts Isolated from Normal and IPF Lung Tissue 

Senescence in IPF fibroblasts (n=4) and normal Normal fibroblasts (n=3) were assessed by Beta-Galactosidase staining 

of the cells. A representative picture of comparison is shown for normal (A) and IPF fibroblasts (B) taken at 20X 

magnification with blue cells indicating senescence-positive cells.  

 

 

A B 
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Endoplasmic Reticulum Stress 

In the fibrotic areas of IPF lung tissue showing positive staining for αSMA, an 

increase of ER-stress related Grp78 (BiP) protein expression was also observed. This is in 

contrast with the lack of ER stress marker BiP when the same immunohistochemistry 

analysis was performed on normal lung tissue (Figure 9). However, IPF fibroblasts in 

vitro demonstrate their ability to survive significant ER stress challenge, which it would 

seem t as they do when they persist in patient lungs. We demonstrate the significant 

decreased susceptibility of IPF fibroblasts to Tunicamycin-induced ER stress in 

comparison to Normal fibroblasts (NHLF). There was significant difference in cell 

survival between the two fibroblast populations, where NHLF fibroblasts succumbed to 

cell death 8% (p<0.01) more than IPF fibroblasts (Figure 10A). The apoptotic release of 

cytochrome C from the mitochondria was noted by hour 18 of 80μM Tunicamycin 

challenge in NHLF and continues until it completely eclipses all areas within the cell by 

hour 24, showing the presence of cytochrome C in the cytosol. (Figure 10B). In contrast, 

cytochrome C retained in the mitochondria of IPF fibroblasts throughout 24 hours of 

Tunicamycin exposure. This results indicates that apoptosis was not triggered and 

indirectly suggests tthe mitochondrial membrane potential is maintained. The concurrent 

increase of Bcl-XL protein in these apoptotic-resistant cells (Figure 11) also further 

support the idea of decreased cytochrome c release, possibly through the sequestration of 

pro-apoptotic proteins capable of forming mitochondrial membrane pores.  
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Figure 9 Presence of ER stress in the IPF Lung 

Lung tissue sections from IPF and normal patients were stained for BiP and alpha-smooth muscle actin (red), 

cytoskeletal F-actin (Phalloidin; green) and nuclei (DAPI; blue). αSMA co-localizes with high levels of BiP in the IPF 

fibroblasts in vivo. In contrast, BiP is not seen in abundance in normal lung tissue areas with αSMA+ cells. 
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Figure 10 Fibroblast Cell Survival During ER Stress Challenge by Tunicamycin 

A) IPF (n=3) and NHLF (n=3) were challenged with 0.1ug/ml Tunicamycin for 24hrs. NHLF were more sensitive to 

ER-stress and a greater cell survival of 8% was observed in IPF fibroblasts compared to NHLF (P-value: 0.0136). B) 

Cytochrome c (green) release from mitochondria of NHLF after 24hTunicamycin challenge. The cytoskeleton was 

stained by phalloidin (red).  NHLF experience a change in cell morphology as it undergoes apoptosis and becomes 

contracted.  

 

 

 

 
Figure 11 Bcl-xL pro-survival protein is upregulated in IPF fibroblasts 

Western blot analysis of Bcl-XL protein expression in IPF-F (n=3) and NHLF (n=2). GADPH used as a loading 

control. Lanes: 

 

A B 
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Figure 12 SERCA, Ca2+ pump, is upregulated in IPF fibroblasts 

Gene expression of SERCA for IPF fibroblasts (n=7) and normal fibroblasts (n=4) was determined through RT-PCR 

and normalized to 18S. P-value: 0.0388. 

 

 

This observation is in conjunction with the increase of SERCA gene expression, a 

calcium pump located on the ER that decreases intracellular calcium levels, preventing 

the depolarization of the mitochondrial membrane and subsequent cytochrome c release 

(Figure 12). 

 

 

 

Characterization of Mitochondrial Dynamics  

A key regulator in downstream apoptosis is the cell’s capability of maintaining 

mitochondrial inner-membrane potentials (ΨIM), as depolarization leads to cytochrome c 
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release and subsequent cell death. Based on the previous observations of differential cell 

survival during ER stress, we delve further into mitochondrial dynamics and explored 

other changes to mitochondria fusion, fission, spatial distribution, and mitophagy 

(selective degradation)—all collectively falling under the umbrella term, mitochondrial 

dynamics.   

 

 

Figure 13 Spatial Re-organization of Mitochondria 

Fibroblasts treated with 100ng/ml Tunicamycin were stained with MitoView (green) to track distribution of the 

mitochondria. NucBlue live-stain was used to visualize nuclei.  

 

 

In order to detect changes to dynamic organelles during tunicamycin-induced ER 

stress, we examined the area mitochondrial network in relation to the whole-cell area on 

two-dimensional confocal stack images, using MitoView staining. After 4 hours of 

treatment with tunicamycin, a reduction in the cellular area occupied by the 

mitochondrial network was observed in normal fibroblasts, but not IPF fibroblasts 
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(Figure 13). To characterize the subcellular redistribution of the organelle network, the 

radial distributional fluorescence of MitoView-stained mitochondria was measured using 

an EVOS FL Auto. Observations were made at time points plotting from the center of the 

nucleus towards the plasma membrane in a full-angle mode (0–360°). Changes in the 

subcellular distribution of the mitochondrial network was observed over three time points 

(0hr, 1hr, 4hr). Five regions were designated: Epinuclear, Perinuclear, Central, Radial, 

and Distal. Mitochondrial distributions in normal fibroblasts were mostly confined to the 

epinuclear regions throughout the time course with a nonsignificant increase in migration 

towards the cell nucleus. Contrarily, mitochondrial in IPF fibroblasts migrated to regions 

that were increasingly distal following exposure. Mitochondria concentrations were 

significantly increased in the radial and distal regions of IPF fibroblasts at 4h as 

compared to 0h and 1h.          
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Figure 14 Subcellular Redistribution of Mitochondria  

Fibroblasts treated with Tunicamycin were live-imaged from 0-4h using MitoView to stain mitochondria. Florescence 

in each subcellular region was calculated using software on the EVOS XL Auto. Florescence was normalized to the 

area of the cell and graphed as relative florescence in a subcellular region in normal and in IPF fibroblasts. Significance 

of p <0.05 is denoted for radial and distal regions at 4h of exposure in IPF fibroblasts.   

 

 

 

Along with these spatial changes, the mitochondria network morphology was also 

compared between IPF and normal fibroblasts during ER stress. Figure 15A-B illustrates 

several possible states mitochondrial morphology, and their biological implications on 

cell fate and capacity to deal with stress. As early as 10 minutes of Tunicamycin 

challenge, normal fibroblast mitochondria begin to lose their connectivity and a punctate 

state was observed as early as 10 minutes after tunicamycin challenge. (Figure 15C).  

 

 



 

48 

 

 

Figure 15 Mitochondrial morphology differences in IPF and normal fibroblasts 

A) Mitochondrial morphology spectrum ranges from hyperfused to fragmented. B) Different morphologies favor cell 

survival or cell death. C) After 10 minutes of tunicamycin-induced ER stress, the mitochondria in normal fibroblasts 

appear to fragment. 

 

 

Figure 16 Mitochondria network morphology is maintained in stressed IPF fibroblasts 

A) MitoView stained mitochondria in normal fibroblasts were imaged after 1hr of tunicamycin challenge. At 100X 

magnification, the punctate network is loosely connected. B) In contrast, the mitochondria of IPF fibroblasts are 

interconnected and a mesh network morphology is observed at 100X.  

 

 

 

A C 

B 

A B 



 

49 

 

However, tunicamycin induces an increase in connectedness of the mitochondrial 

network in IPF fibroblasts that can be appreciated by what appears as a “mesh-like” state 

through MitoView staining (Figure 16).  To complement these qualitative observations, 

proteins involved in mitochondrial dynamics were quantified at the same time points of 

Tunicamycin challenge. The key proteins involved in the fusion of mammalian 

mitochondria include Optic Atrophy 1 (OPA1) and the two mitofusins, MFN1 and 

MFN2. At the mRNA level, fusion-associated genes such as MFN2 and OPA1 were 

upregulated after Tunicamycin exposure in IPF fibroblasts (Figure 17). Protein analysis 

supported the fused state of the IPF mitochondria, as a noted by increase in OPA1 

expression at hour 6. The expression profiles were concurrent with the decrease in fission 

proteins (phosphorylated DRP1 and MFF at hour 18 (Figure 18).  Mitochondrial Fission 

Factor (MFF) receptor together with its ligand protein Dynamin-Related Protein 1 (Drp1) 

are central in mitochondrial division. Gene expression analysis did not show significant 

changes in gene expression (Figure 17). However, MFF phosophorylation, a required 

post-translational modification for activation, was evident in NHLFs 3 hours post-

exposure (Figure 18). This was followed by an increase in phosphorylated ligand (DRP1) 

at 18 hours, complementing the sequential recruitment of the ligand by an activated MFF 

receptor to initiate fission.  
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Figure 17 mRNA expression of genes involved in regulation of fission and fusion  

Total RNA was extracted from A) IPF fibroblasts (n=3) and B) Normal fibroblasts after 10ng/ml Tunicamycin 

challenge for 24h, to examine mRNA expression levels of fusion-related genes (OPA1 and MFN2) and fission-related 

gene DRP1 normalized to 18S. OPA1 gene expression in IPF fibroblasts was significantly upregulated following 

Tunicamycin exposure (p-value < 0.05). 
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Figure 18 Fission/Fusion protein expression in IPF-F and NHLF during ER stress 

A) Western blot analysis of fusion/fission proteins during a time course exposure (0-24h) to 100ng/ml Tunicamycin. 

Red boxes highlight noticeable changes to protein expression. VDAC was used as a loading control. Densitometry 

analysis of B) Phospho-MFF and C) Phospho-DRP1 western blot normalized to VDAC.  

 

 

 

 

The data supporting a fused mitochondrial network in IPF fibroblasts is seen 

alongside the prolonged maintenance of mitochondria membrane potential in the 

presence of Tunicamycin-induced ER stress (Figure 19) as the maintenance of TMRE 

A 

B C 
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dye is preserved in the mitochondria of IPF fibroblasts throughout the timecourse 

challenge.  

 

 

Figure 19 Mitochondrial membrane potential of IPF-F and NHLF in Tunicamycin challenge 

TMRE (red) stain for negative membrane potential in IPF and normal fibroblasts during Tunicamycin challenge. 

 

 

 

Patient Outcome and Mitochondrial Function 

A correlation between molecular changes at the organelle level, and patient 

outcome would be an extremely beneficial diagnostic and prognostic marker. This 

correlation was investigated by stratifying the patients into two groups based on their 

mitochondrial genome expression. Group A contained patients that reflected better 

physiological pulmonary functions, and Group B whose functions were worse.  Patient 

prognosis was measured by Forced Vital Capacity (FVC)/ Forced Expiratory Volume 

(FEV) and 6-minute walk-test. Molecular changes at the organelle level were determined 

by patient expression of mitochondrial complex I subunits of the electron transport chain 
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(ETC). This gene set was selected via previous micro-array data from the lab (Table 3) 

and confirmed by QPCR for the major subunits of Complex I. Patients with greater 

mitochondrial gene correlated with higher pulmonary function values and better 

performance on 6-minute walk test (Figure 20). NDUSF1 and NDUSF3 mRNA 

expression was lower in IPF fibroblasts as compared to normal fibroblasts (Figure 22). 
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Figure 20 Decreased mitochondrial genome transcript levels correlate to disease prognosis 

(A) Heat map corresponding to varying transcription levels of mitochondrial genome complex I subunits; red  

represents downregulation and blue represents upregulation. (B) Greater Pulmonary Function Values (forced vital 

capacity (p-value = 0.05); forced expiratory volume) observed in patients with increased mitochondrial ETC subunit 

expression. (C) Increased expression with greater performance on 6 minute walk test.  

 

 

 

 

 

 

A 

B

 
 A 

C

 
 A 



 

55 

 

 

 

Figure 21  Mitochondrial Complexes in the Electron Transport Chain (ETC) 

Image adapted from Kanehisa Laboratories88. Some Complex I (NADH dehydrogenase) subunits are expressed at 

lower levels in IPF fibroblasts, as identified through the lab’s previous microarray data87; genes boxed in red. The 

highlighted genes were also present in a curated list of downregulated mitochondrial genes by another study from the 

lab using RNAseq data of normal and IPF samples (unpublished). 
 

 

 

 

 

 
Table 3 Deficient Mitochondrial Complex I Subunits  

Gene Name Unigene ID Fold Δ 

NDUFC2 (NADH:ubiquinone oxidoreductase subunit C2) Hs.407860 -2.99 

NDUFA8 (NADH:ubiquinone oxidoreductase subunit A8) Hs.495039 -1.89 

NDUFA11 (NADH:ubiquinone oxidoreductase subunit 

A11) 

Hs.406062 -1.89 

NDUFV3 (NADH:ubiquinone oxidoreductase subunit V3) Hs.473937 -1.96 
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Figure 22 Validation of RNAseq data fo gene expression in subunits of Complex I 

Expression of subunit genes NDUSF1, NDUSF3 and NDUSF4 of Complex I in the electron transport chain of IPF 

fibroblasts (n=4) and normal fibroblasts (n=3) was determined through RT-PCR and normalized to 18S. 

 

 

Discussion 

The population of IPF fibroblasts we have characterized for this study 

demonstrate hallmarks of senescence, which is reflective of an in vitro model of the age-

related disease. Senescent markers, p21 and positive beta-gal staining, have been noted 

by several studies in IPF lung epithelial cells and IPF lung fibroblasts33. A finding that we 

have similarly confirmed in our IPF fibroblast population isolated through the affinity-

binding method (Figure 4, Figure 6-8).  Additional markers of aging include shortening 

of the telomeres, and this is known to drive mitochondrial abnormalities such 

mitochondria enlargement, loss of cristae, and destruction of inner membranes39.  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

NDUSF1 NDUSF3 NDUSF4

R
e

la
ti

ve
 m

R
N

A
 E

xp
re

ss
io

n
Normal IPF

*



 

57 

 

Dysfunctional mitochondria are not cleared from IPF fibroblast possibly due to their  

deficiency in PINK149, a modulator of mitophagy. Although changes in mitochondria 

total volume was not assessed here, mitochondrial networking and morphology was 

shown to be altered between normal and IPF fibroblasts when placed under ER stress 

conditions (Figure 13-19). Fusion of the mitochondrial membrane maintains 

mitochondrial quality especially in situations of decreased mitophagy.  By sharing 

mtDNA and allowing for optimal bioenergetic function, fusion imparts a survival 

advantage to the stressed cells. Fusion also ensures preservation of membrane potential 

by stabilizing any charge disruptions.  

Additionally, gene expression of the calcium ion pump - SERCA2, which is 

located on the ER, is upregulated in IPF fibroblasts under challenge. This pump is known 

to support a negative mitochondrial membrane potential by transporting calcium from the 

cytosol into the ER lumen, and may play a role in the maintenance of the IPF 

mitochondrial membrane potential under stress. The importance of a polarized 

mitochondrial membrane is ultimately for cell survival by preventing the leakage of 

cytochrome c.  

Prolonged maintenance of a negative membrane potential is observed in 

mitochondria from senescent human fibroblasts. Hyperpolarization of the membrane can 

be due to a phenomenon called Reverse Electron Transport (RET). RET occurs when 

electrons from ubiquinol are transferred back to respiratory complex I, reducing NAD+ to 

NADH. This process generates a significant amount of ROS89. ROS production via RET 

is frequently associated with mitochondrial disease, and ROS production is elevated in 
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IPF fiborblasts. Until recently, RET was considered as an in vitro artifact with no 

relevance in vivo. However, several groups have independently published that RET does 

occur in vivo and is involved in physiological processes such as aging89. The data from 

our study shows a decrease in mitochondrial genome expression, in particular of the 

genes related to the respiratory chain, suggests that the ETC is interrupted. When 

mitochondrial electron transport is interrupted, Complex V transfers protons from the 

matrix to the intermembrane space. This process maintains mitochondrial membrane 

potential, preventing cell death, but consuming ATP and elevating ROS generation.   

Although OXPHOS is energetically more favorable (producing more ATP 

molecules/glucose) than glycolysis, this metabolic shift away from OXPHOS and to 

glycolysis is observed in IPF fibroblasts41. NHLFs not deficient in Complex I subunit 

genes were capable of downregulating glycolytic enzymes hexokinase (HK2), pyruvate 

dehydrogenase kinase 1 and 3 (PDK1 and PDK3) under glucose deprivation conditions 

(Figure A-1). Activation of PDK will phosphorylate PDH which will inhibit the 

conversion of pyruvate to acetyl- COA, thus inhibiting OXPHOS. Decreased expression 

of HK2 and PDK3 in normal fibroblasts may suggest a shift in glycolytic activity over to 

OXPHOS. In contrast, IPF fibroblasts fail to respond similarly to a glucose deprived 

environment (Figure A-1) and compensate by increasing glucose uptake from the media 

and favoring glycolysis.  Although these data do not directly measure metabolic activity 

the cell and further functional assays are needed to elucidate the physiological 

consequence of these glycolytic gene expression differences, it provides further evidence 

of a dysfunctional mitochondria in IPF. 
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Excessive reactive oxygen species (ROS) are an example of dysfunction 

mitochondria byproducts.  ROS damage DNA and cause oxidative stress when the cell is 

unable to mount an effective antioxidant response. Dysfunctional mitochondria in IPF-F, 

and the concurrent ROS increase, coupled with reduced sirtuins SIRT1 and SIRT6 

contributes to increase in oxidative stress observed in the IPF lung90.  This toxic storm 

and oxidative stress is known to increase alpha smooth muscle actin and collagen I 

expression – the IPF phenotype48.  Toxic accumulation of ROS within the ER can induce 

ER stress responses via Unfolded Protein Response (UPR) pathways and we observed the 

presence of ER stress in fibroblasts of the IPF lung. However, in spite of the excessive 

levels of ROS in these IPF fibroblasts, they remain resistant to apoptosis induction by 

oxidative stress and other apoptotic inducers.  

Potentially contributing to the aberrant survival of these cells, we observed the 

overexpression of Bcl-XL in our IPF fibroblasts (Figure 11), and hypothesize that other 

pro-survival proteins in the Bcl-2 family of proteins are also upregulated to contribute to 

this survival phenotype.  Tager et al. were able to successfully clear apoptotic-resistant 

fibroblasts through targeting proapoptotic Bcl-2 family protein75. The study was 

performed in scleroderma fibroblasts activated by matrix stiffness, to demonstrate that 

mitochondria in activated fibroblasts constitutively express antiapoptotic protein BCL-

XL which sequesters proapoptotic protein BIM in order to ensure myofibroblast 

survival75. Using a bioavailable, selective small molecule with a B-cell lymphoma 2 (Bcl-

2) Homology 3 (BH3) mimetic, ABT-236, capable of binding to and inhibiting BCL-XL, 
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the investigators were able to induce myofibroblast apoptosis and reverse fibrosis in a 

mouse model of scleroderma dermal fibrosis75.  

 While we broadly explored the anti-apoptotic phenotype of senescent IPF 

fibroblasts and the data presented in this chapter was by no means a comprehensive 

overview on mitochondrial dysfunction, it has highlighted the relevance of ER-

mitochondria crosstalk in IPF. Without clearance of IPF fibroblasts at the foci, normal re-

epithelization would not be a feasible therapeutic approach. Our data has leads us to 

hypothesize that the dysregulation of organelles in aging cells is a source of apoptotic-

resistance observed in senescence.  With that in mind, the next chapter will investigate 

stress management mechanisms in the Endoplasmic Reticulum (ER) to elucidate 

molecular targets capable of diminishing the anti-apoptotic phenotype observed in IPF 

fibroblasts. 
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CHAPTER 3: IDENTIFICATION OF UPR REGULATORY PROTEINS IN 

MANAGEMENT OF ER STRESS IN IPF FIBROBLASTS 

Background 

The endoplasmic reticulum (ER) is a cellular organelle responsible for the 

synthesis of membrane bound and secreted proteins and lipids. The ER ensures proper 

folding and transport of proteins after translation; if proteins are misfolded or are the 

improperly processed, they will accumulate in the ER lumen leading to ER stress. In the 

case of such events, the ER initiates the Unfolded Protein Response (UPR). The UPR 

attempts to restore homeostasis to the ER and the cell, but can ultimately activate 

apoptotic cascades if the cell is unable to alleviate the cellular stress by means of death 

signals originating in the ER.  

 In response to the accumulation of unfolded proteins in the ER, the organelle 

initiates a number of responses: (i) rate of protein synthesis is decreased, (ii) protein 

folding/posttranslational modification capacities of ER are increased, and (iii) irreparably 

misfolded proteins are removed for degradation. When the prosurvival efforts are 

exhausted, ER-stress related apoptosis commences. The integrated responses elicited by 

the three ER stress sensors contribute to either adaptation or death, but it remains 

unknown how each branch contributes to the final biological effect56. The commitment of 

a cell to survive or undergo apoptosis is dependent on cell-type, duration of ER stress, 

and the feedback regulation of each UPR arm. A delicate balance between succumbing to 
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ER stress or recovering from it depends on the expression and crosstalk of downstream 

signals91. 

 

 

Figure 23 Unfolded Protein Response  

A typical cell will respond to ER stress by inducing the Unfolded Protein Response83. The UPR has 3 arms – ATF6, 

PERK, and IRE1 and they can be activated either through cleavage such as ATF6, or dimerization in the case of PERK 

or IRE1. Overall the Unfolded Protein Response aims to: 1) attenuate translation of proteins, 2) increase chaperones,  

3) degrade misfolded proteins. If the cell fails to alleviate ER burden, the cell will undergo apoptosis. This UPR 

response is typical for acute ER stress. 

 

To date, there are 3 identified branches of the UPR: IRE1α, PERK, and ATF6. 

Although all three branches of the UPR may be simultaneously activated under severe 

ER stress, each arm can also be selectively activated to perform specific UPR pathway 

functions.  
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PERK  

 Pancreatic endoplasmic reticulum kinase (PERK) is a transmembrane protein 

kinase containing a cytosolic serine/threonine kinase domain56, which was first described 

in mammalian pancreatic islet cells92. As a type I kinase, the protein under ER stress 

dimerizes to autophosphorylate itself. Upon PERK activation, it is then capable of 

phosphorylating eukaryotic translation initiation factor 2 (eIF2α) at Ser51. Once eIF2α 

becomes phosphorylated, it is competitively bound to eIF2β, a guanine nucleotide-

exchange factor. This prevents eIF2α from recycling to its active GTP-bound form, 

which is necessary for the formation of the 80S translation-initiation complex93–95. 

Consequently, the initiation phase of polypeptide chain synthesis is inhibited and 

translation of cap-dependent mRNA attenuated. By preventing the influx of additional 

synthesized proteins into the ER, the cell uses PERK as the immediate response to 

alleviate ER stress. This process to increase ER protein folding capacity is rapid and 

reversible.  

 However, phosphorylation of eIF2α preferentially increases the translation of 

selective mRNAs that contain inhibitory upstream open-reading frames (uORFs) within 

their 5′ untranslated region (UTR). Cap-independent translation of ATF4 transcription 

factor is an example of this preferential upregulation of UPR-dependent genes. ATF4 

increases the expression of proapoptotic transcription factor GADD153 (CHOP), 

GADD34, and ATF3.  

 Other genes involved in antioxidant responses and amino acid metabolism are 

also upregulated by the PERK pathway. One example is Nrf2 (nuclear erythroid 2 p45-
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related factor 2), a transcription factor responsible for the cellular antioxidant response. 

Under normal conditions, Nrf2 is retained in the cytoplasm through its association with 

Keap1 (Kelch-like ECH associating protein 1). Nrf2 is only capable of translocating into 

the nucleus and binding antioxidant response elements (ARE) to promote the expression 

of antioxidant gene such as heme oxygenase 1 when it is disassociated from the Nrf2-

Keap1 complex following phosphorylation95. PERK phosphorylates Nrf2 as a protective 

response to attenuate further ER insult from oxidative stress95.   

IRE1α  

Inositol-requiring enzyme 1α (IRE1α), like PERK, is also a type I transmembrane 

protein with a cytosolic serine/threonine kinase domain. It is ubiquitously expressed, 

however its family member, IRE1β, is predominantly found in gut epithelium. Unique to 

this ER stress transducer, is an endonuclease domain. When IRE1α oligomerizes, it 

autophosphorylates, activating its endoribonuclease activity and ultimately splicing of 

cytosolic X-box-binding protein (XBP1) mRNA. The atypical splicing of XBP1 occurs at 

two different sites on the conserved double stem-loop and RNA ligase then joins the 5’ 

and 3’ fragments together. This removal of a 26-base intron results in a translational 

frameshift at aa165 to produce a functional transcription factor containing a nuclear 

localization sequence, a basic leucine zipper domain and a transcription activation 

domain. Spliced XBP1 (sXBP1) transcription factor is then able to bind to UPR response 

element (UPRE) or ER Stress response element (ERSE) sequences of the promotor 

regions of many genes that alleviate perturbed proteostasis in the ER96. Some of these 

genes, such as EDEM and Sec61a, are involved in ER-associated degradation (ERAD) 
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processes and protein trafficking. Spliced XBP1 can also bind to the ERSE sequence on 

the promoter region of CHOP, a pro-apoptotic protein that initiates the cell’s commitment 

to apoptosis. Unspliced XBP1 (uXBP1) is incapable of acting as a transcription factor to 

regulate downstream UPR responses97. Instead, uXBP1 acts as a negative feedback 

regulator of XBP1 protein and active ATF6 by sequestering it for proteasomal 

degradation97,98.  

IRE1α also targets its own mRNA for endoribonuclease cleavage and auto-

regulate its own expression. Investigation of other mRNA candidates revealed a 

consensus sequence (CUGCAG) which, when accompanied by a stem-loop structure, is 

essential for IRE1α-mediated cleavage99. Further studies to elucidate mechanisms by 

which IRE1α recognizes specific cleavage targets observed that in addition to XBP1 

mRNA, IRE1α also cleaves select microRNAs (miRs -17, -34a, -96, and -125b) during 

ER stress100.   

ATF6 

Activating transcription factor 6 (ATF6) is a single-pass type 2 transmembrane 

ER protein with a golgi localization sequence (GLS) in its luminal domain. Of the two 

isoforms, ATF6α has two GLS while ATF6β only has one101. The GLS allows for ATF6 

to translocate to the golgi when it disassociates from GRP78 under ER stress102. ATF6 is 

transported via vesicles to the golgi, where it is then cleaved by Site-1 (S1P) and Site-2 

(S2P) proteases31. The resulting N-terminal fragments of ATF6α/β, p50ATF6α and 

p60ATF6β respectively, are transient transcription factors for ER expansion and 

increases in chaperone expression until negative feedback promotes ATF6α to increases 
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is own degradation via the proteasome and ATF6β to transcriptionally repress ATF6α101. 

ATF6 transcription factor has a basic leucine zipper domain for binding to cAMP 

response elements (CRE), ERSE in GRP promoter regions and UPRE.  

UPR Regulatory Protein: Bax-Inhibitor-1 (BI-1) 

The UPR is regulated by three canonical ER-transmembrane stress sensors: 1) 

inositol-requiring enzyme 1α (IRE1α), 2) pancreatic endoplasmic reticulum kinase 

(PERK), and 3) activating transcription factor 6 (ATF6) (Figure 23). It is generally 

postulated that these sensors are negatively regulated by the inhibitory binding of Binding 

immunoglobulin Protein (BiP), also known as Glucose-Regulated Proteins 78 (GRP78) a 

(78-kDA glucose-regulated protein), and one of the most highly expressed ER resident 

chaperones. GRP78 is localized to the ER through an N-terminal cleaved signal peptide 

and a C-terminal ER retention motif (KDEL)103. The initial discovery of the UPR 

pathway actually began with the observation of glucose-regulated proteins (GRP) 78 and 

94 that were induced when the media of highly proliferative tumor cells were deprived of 

glucose104. Before chaperone functions GRP 78 were well-characterized, it was suggested 

that the alteration of the ER environment by GRP-inducing agents might affect protein 

folding, and that perhaps the signal for GRP induction was the accumulation of unfolded 

proteins in the ER. Under normal conditions, GRP78 is bound to the luminal domains of 

the sensors preventing signaling cascades and UPR initiation; but upon accumulation of 

misfolded proteins in the ER, GRP78 is titrated away and sequestered from the sensors 

because of its higher affinity for unfolded proteins. This permits IRE1α105,106 and 

PERK107 to homodimerize and subsequently allow for their trans-auto-phosphorylation 
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and activation, with concordant ATF6 translocation to the Golgi for activation 

cleavage102.  

Although the regulatory role of GRP78 in upstream UPR signaling is widely-

accepted, it has also been proposed that GRP78 is not the principal determinant of IRE1α 

activity, but an adjustor for sensitivity to various stresses108. GRP78 has not been 

exclusively determined as the sole protein involved in regulating UPR initiation. Other 

regulators, co-chaperones, or other tissue-specific adaptor proteins are potentially 

responsible for selective UPR transducers, such as in IRE1α regulation via Bax-Inhibitor-

1 (BI-1). 

 

 

 

Figure 24 Pathway of IREα regulated by BI-1 

Adapted from Ron, 2011. Science 334:6059, pp. 1081-1086.  When the UPR is initiated by ER stress, IRE1a dimerizes 

due to sequestering of the chaperone proteins and their increased affinity to bind to misfolded proteins within the ER 

lumen. Once dimerized, IRE1a behaves as an endoribonuclease, causing the cleavage of XBP-1. This splicing of XBP-

1 allows it to translocate into the nucleus, where it then acts as a transcription factor for either pro-apoptotic or pro-

survival genes. It has been discovered more recently that BI-1 is capable of inhibiting this pathway by binding to 

IRE1a, preventing its splicing of XBP-1—allowing it to reduce apoptotic signaling.   
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BI-1 is a six transmembrane domain-containing protein which is primarily 

localized to the ER. It was originally named for its ability to inhibit BAX (BCL2 

Associated X, Apoptosis Regulator) – which serves as an apoptotic activator once it 

dimerizes with Bcl2. This dimerization leads to the opening of mitochondrial membrane 

channels- causing the release of cytochrome c, which ushers apoptosis. It was not 

discovered until recently that BI-1 is also capable of repressing IRE1α activity109 (Figure 

24), in addition to its mitochondrial anti-apoptotic functions. It has been reported that BI-

1 expression suppressed IRE1α activity in drosophila and mouse models of ER stress by 

forming a complex with IRE1α, inhibiting its endoribonuclease activity109. 

Downregulation of BI-1 can occur via Bifunctional Apoptosis Regulator (BAR), which is 

an ER-associated RING-type E3 ligase110. BAR binds to BI-1, ubiquitinates it, thereby 

eliminating its inhibitory effects on IRE1α. During prolonged ER stress BAR protein 

expression was reduced, suggesting that post-translational modification of BI-1 allows 

for the dynamic control of IRE1α signaling110.  

Maladaptive Fibroblast Behavior to ER Stress and IPF 

ER stress is associated with the conditions of many diseases. Insults to the ER 

such as oxidative stress are common in both chronic and acute disease states. However 

the UPR response under short term, acute stress conditions compared to prolonged ER 

stress in chronic disease states can be quite different. 

Chronic disease states are persistent and long-lasting in its effects. Therefore there 

is a high likelihood of cells in chronic disease states adapting to constant UPR activation 

by desensitizing ER-stress sensing. These molecular adjustments made by the cell to cope 
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with chronic ER stress can worsen disease states and are termed “maladaptive”.  For 

example, the tumor microenvironment is characterized by poor vascularization, low 

oxygen supply, nutrient deprivation, and acidic pH -- all of which are activators of ER 

stress. In cancers, the activation of PERK and IREα is cytoprotective of tumor cells, 

allowing them to propagate in a harshly hypoxic environment. Overexpression of  GRP78 

has been associated with pro-survival mechanisms, chemoresistance to therapy, and poor 

prognosis111. In pulmonary fibrosis, similar hypoxic microenvironments with lower pH 

are found in the fibrotic lung.  It has been demonstrated that a mild level of ER burden 

before an ER challenge is protective because the UPR is pre-activated and the priming 

results in better tolerance to secondary ER stressors83. All these examples of cellular 

resilience despite chronic ER stress underline the critical role of UPR modulation in 

disease pathogenesis and may play a role is IPF fibroblasts persistence.   

 

Methods 

Materials 

All chemicals and supplies were purchased from Fisher Scientific (Pittsburgh, 

PA) unless specified. Antibodies were purchased from Cell Signaling Technology 

(Danvers, MA)) and primers from Integrated DNA Technologies (San Diego, CA). BAY-

412272 was purchased from (Sigma-Aldrich). Tunicamycin was purchased from Cayman 

Chemical (Ann Arbor, MI).   
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Establishing BI-1 knockdown IPF fibroblasts 

 BI-1 siRNAs validated from IDT (hs.Ri.TMBIM6.13.1 and hs.Ri.TMBIM6.13.2) 

were purchased for inhibiting BI-1 protein expression. Cells were transfected using 

Lipofectamine 3000 Reagent protocol. Briefly, IPF fibroblasts were grown to 80% 

confluency at time of transfection. The diluted siRNA and Lipofectamine diluted in Opti-

MEM were combined (1:1 ratio) and was incubated for 10 minutes at room temperature 

before adding the mixture to the cells. After 2-3 days the transfected cells were analyzed. 

Pretreatment of cells 

Prior to each experiment, all cells were pretreated in the same manner.  

Specifically cells were grown to 90% confluence and serum-starved overnight. Cells 

were seeded the following day at 5000 cells per well in a 96 well plate, or 1x106 cells for 

a 100mm2 dish, in complete media without PSF, and allowed to attach overnight (over 

16-24 hours). Negative controls included cells in media and compared to 100ng/ml 

Tunicamycin treated cells. Cells pre-treated with 5µM BAY-412272 or 2ng/mL TGF-

beta for 24 hours were also then challenged with 100ng/ml Tunicamycin. After 24 hours, 

cells were flash frozen in liquid nitrogen and stored at -80ºC for RNA and protein 

analysis. 

Total RNA Extraction 

 Total RNA was extracted using the RNeasy® Kit (Qiagen) from treated and 

untreated control cells after 48 hours of CAS exposure. All RNA was quantified using a 

Nanodrop™ spectrophotometer (Nanodrop™ 3.0.0, Agilent Technologies) and stored at -

80ºC. 
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Quantitative RT-PCR  

To generate cDNA, 1 μg of total RNA was reverse-transcribed using Verso cDNA 

kit (Thermo Fisher). qPCR was carried out using Quantifast SYBR green PCR kit 

(Qiagen). All gene expressions were normalized to 18S gene expression using the 

Comparative Ct 2-(delta)(delta)Ct method85. Gene expression was analyzed for: 

 

Table 4 Primer List 2 

Primer Forward Reverse 

Shaw.XBP AAACAGAGTAGCAGCTCAGACTGC TCCTTCTGGGTAGACCTCTGGGAG 

COL1A1  TCGAGGGCCAAGACGAAG CAGATCACGTCATCGCACAAC 

FKBP10 CGACACCAGCTACAGTAAG  TAATCTTCCTTCTCTCTCCA 

BI1 ACGGACTCTGGAACCATGAA  AGCCGCCACAAACATACAA 

sXBP1 CTG AGT CCG AAT CAG GTG CAG ATCCATGGGGAGATGTTCTGG 

usXBP1 CAGCACTCAGACTACGTGCA ATCCATGGGGAGATGTTCTGG 

Ero1A GGCTTCTGGTCAAGGGACAA GAAGCTTTCCCCACAGACGA 

ERDJ4 AAAATAAGAGCCCGGATGCT CGCTTCTTGGATCCAGTGTT  

EDEM AAGCCCTCTGGAACTTGCG AACCCAATGGCCTGTCTGG 

SEC61A CTATTTCCAGGGCTTCCGAGT AGGTGTTGTACTGGCCTCGGT 

ACTA2 GTGTTGCCCCTGAAGAGCAT GCTGGGACATTGAAAGTCTCA 

ATF4 GTTCTCCAGCGACAAGGCTA ATCCTGCTTGCTGTTGTTGG 

CHOP AGAACCAGGAAACGGAAACAGA TCTCCTTCATGCGCTGCTTT 

BiP TGTTCAACCAATTATCAGCAAACTC TTCTGCTGTATCCTCTTCACCAGT 

 

XBP Splicing Analysis & Gel Electrophoresis 

Following a RT-PCR the XBP-1 primer product was subjected to the restriction 

enzyme PstI. Digestion was carried out for 1 hour at 37°C. After digestion,  10 µL of the 

resulting product was loaded into a 1.7% Agarose gel in 1X TAE containing 1X SYBR 



 

72 

 

Safe (Fisher). The gel was resolved at 100 mV for 30 min and visualized under UV light 

to determine XBP-1 splicing patterns.  

Migration Assay through Scratch Test 

To assay the in-vitro cell migration capability of each fibroblast cell line, we used 

a modified protocol based on methodologies published by Liang et al112. Each cell line 

was grown to 70% confluency in 75 cm2 Falcon® tissue culture flasks prior to the start 

of the assay. Cells were then seeded in a Costar® 6-well tissue culture treated plate at a 

concentration of 300,000 cells per well. Each cell line was seeded in triplicate and, once 

the cells reached a confluency of 90%, the cell monolayer was scratched in a straight line 

with a p200 pipet tip (Fisher). Excess debris was removed by gentle washing of cells with 

1 ml of growth medium followed by replacement of media with 1.5 ml of either fresh or 

treated growth media. Images of the scratch were captured at 4X magnification using an 

EVOS FL Auto Light Microscope (Life Technologies). Images were captured once every 

hour for 24 hours. The scratch test images were analyzed using TScratch Version 1.0. 

SA-β-gal staining assay 

Cells were washed in PBS, fixed for 3-5 min (room temperature) in 2% 

formaldehyde/0.2% glutaraldehyde (or 3% formaldehyde), washed, and incubated at 

37°C (no C02) with fresh senescence-associated (3-Gal (SA-,3-Gal) stain solution: 1 mg 

of 5-bromo4-chloro-3-indolyl P3-D-galactoside (X-Gal) per ml (stock =20mg of 

dimethylformamide per ml)/40 mM citric acid/sodium phosphate, pH 6.0/5 mM 

potassium ferrocyanide/5 mM potassium ferricyanide/150 mM NaCl/2 mM MgCl2. 
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Staining was evident in 2-4 hr and maximal in 12-16 hr. Cells were washed with PBS 

twice and preserved in Glycerol for imaging. 

Cell Viability 

 NHLF and IPF-F (n=6) were grown to 80% confluency and then serum starved 

overnight prior to seeding 5X103 cells per well. Fibroblasts were treated with 100ng/ml 

Tunicamycin (80µM) for 24 hours in experiments with i) BI-1 knockdown or ii) with 

BAY 412272 pretreatment.  Cell survival was determined by using the CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega, Madison, WI). 

Total Protein Extraction 

Total Protein Extraction. Total cellular protein was isolated using RIPA buffer 

(Pierce), with addition of complete mini protease inhibitor cocktail tablets (Roche) and 

PhosSTOPTM phosphatase inhibitors cocktail tablets (Roche) per the manufacturer’s 

instructions. Lysed cells were centrifuged at 13,000Xg for 20 minutes to remove cellular 

debris. The resulting supernatant was collected and stored at -80ºC. Total protein 

concentration was determined by BCA assay (Fisher). 

Western Bot 

Total cellular protein (30μg) from cells that were seeded, serum starved, and 

challenged with 100ng/mL Tunicamycin for 24 hours was subjected to gel 

electrophoresis using a 4-12% Bis-Tris gradient gel (Invitrogen). Visible molecular 

weight markers were included (Dual Precision Plus Marker, Bio-Rad or Pre-Stained 

Protein Ladder, Fisher). Proteins were transferred to nitrocellulose membrane using the 

iBLOT® system (Invitrogen). All membranes were blocked with 5% non-fat dried milk 
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in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) for 1 hour at room 

temperature. After blocking, the TBS-T was replaced with TBS-T 5% non-fat dried milk 

containing primary antibodies (Table 5) at a concentration of 1μg/ml of each antibody 

(Table 5) and overnight at 4ºC. After overnight incubation each membrane was washed 5 

times for 5 minutes (5x5mins) with TBS-T, followed by incubation with the appropriate 

horseradish peroxidase (HRP)-linked secondary antibodies in TBS-T 5% non-fat dried 

milk for 1 hour at room temperature. Afterward, each membrane was washed with TBS-T 

5X5min then visualized by incubation with chemiluminescent Super Signal West Femto 

Max Sensitivity Substrate (Pierce). For normalization blots were then stripped using 

Restore Western Blot Stripping Buffer (Thermo Scientific) according to the 

manufacturer’s protocol. Each membrane was then re-probed with a primary antibody 

and secondary antibody as previously described. All immune-blots were imaged using 

ChemiDocTM XRS System (Bio-Rad) and densitometry analysis was performed using 

Quantity One software (Bio-Rad). Protein expression was normalized to loading control 

GAPDH (ab 5174, Cell Signaling) or VDAC (Fisher) for the mitochondrial proteins.  

 

Table 5 Antibody List 2 

Antibody Manufacturer Catalog Number 

CHOP Cell Signaling 2895 

BiP Cell Signaling 3177 

PDI Cell Signaling 3501 

GAPDH Cell Signaling 2118 
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Immunocytochemistry 

ICCs were performed with antibodies for cytochrome c, BI-1, and XBP-1. Cell slides 

were deparaffinized using xylene, 100% ethanol, 95% ethanol, and nuclease free water. 

Samples then underwent high pressure and heat (»95°C) for 3 minutes in 15 mM sodium 

citrate buffer. Once cooled to room temperature, slides were placed on ice. Samples were 

blocked using BSA at room temperature for 60 minutes for non-specific reactions. 

Primary antibody stains were completed using polyclonal rabbit (anti-human) at a 1:50 

dilution for XBP-1 and BI-1 and monoclonal antibody for cell signaling at a 1:100 

dilution. Primary antibody stain took place overnight at 4°C. The following day, slides 

were washed three times with PBS, and secondary antibody stain was carried out using 

anti-rabbit (anti-human) IgG conjugated with Alexa Fluor 488 and 598 for red and green. 

Slides may have also been stained with phalloidin and DAPI for 10 minutes to stain for 

nuclei and actin (cytoskeleton). Slides were washed with PBS and sealed using a 

coverslip and cytoseal. Slides were stored in the dark at 4°C until later imaging. Slides 

were imaged using EVOS fluorescence imaging microscope. 

 

Results 

Bax-Inhibitor-1 in Differential Unfolded Protein Response of IPF Fibroblasts 

Lung tissue from IPF patients and normal donors were probed for the presence of 

Bax-Inhibitor-1 (BI-1). A representative image of the tissue sections from IPF and 

Normal in Figure 25A shows an increase in BI-1 protein expression in IPF lungs 

compared to normal. In parallel to the immunohistochemistry results, mRNA expression 
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of BI-1 was higher in IPF fibroblasts (Figure 25B). Next we examined how high BI-1 

expression affects IREα activity during ER stress. Fibroblasts were exposed to 0.1μg/ml 

Tunicamycin over a 24h period. At different time points, RNA was collected to 

determine XBP1 splicing. It is important to note that by hour 3 of Tunicamycin exposure, 

normal fibroblasts had already spliced XBP1. On the other hand, endoribonuclease 

activity of IREα as measured by XBP1 splicing was delayed in IPF fibroblasts until hour 

12 (Figure 26).  

 

 

Figure 25 Increased BI-1 expression in IPF lung tissue and fibroblasts 

A: Lung tissue from IPF and normal patients were probed for Bax-Inhibitor-1 protein (red) and counter stained with 

DAPI (blue). A representative image is shown, qualitatively demonstrating the over-abundance of BI-1 in IPF lung 

tissue compared to normal lung tissue. B: Total RNA was extracted from the primary human lung fibroblasts of both 

IPF and normal (n=7), to examine mRNA expression levels of Bax-Inhibitor-1 (BI-1) normalized to 18S. There was a 

significant difference in BI-1 mRNA expression between the normal and IPF fibroblast groups (P<0.05). 

 

 

A B 
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Figure 26 High BI-1 expression delays IREα activity in IPF during ER stress. 

Total RNA was harvested from IPF and normal fibroblasts following 24h 100ng/ml tunicamycin challenge. The cDNA 

of each sample at different time points (0-24h) was purified, and PCR was performed using primers that span the 

spliced region of XBP1. The unspliced version of XBP1 contains a Pst1 restriction digest site. The PCR product was 

digested with Pst1 for 1hr at 37◦C and resolved on a 1.7% Agarose gel. 

  

 

To specifically evaluate the role of BI-1 in XBP1 splicing during the Unfolded 

Protein Response, a BI-1 knockdown cell line was made. To confirm successful knock-

down of BI-1, protein from the cell lines were analyzed by Western Blot.  Upon repeating 

the same Tunicamycin challenge, generation of sXBP1 occurred earlier in the BI-1 

knockdown cell line (Figure 27). Presence of XBP1 splicing was observed prior to 

Tunicamycin challenge after BI-1 gene silencing. Comparatively, WT IPF fibroblasts has 

delayed activation of IREα, demonstrated by the later splicing of XBP1 by hour 6 of 

tunicamycin challenge.  
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Figure 27 High BI-1 expression delays IREα activity in IPF during ER stress 

Total RNA was harvested from IPF and BI-1 knockdown IPF fibroblasts following 24h 100ng/ml tunicamycin 

challenge. The cDNA of each sample at different time points (0-24h) was purified, and PCR was performed using 

primers that span the spliced region of XBP1. The unspliced version of XBP1 contains a Pst1 restriction digest site. 

The PCR product was digested with Pst1 for 1hr at 37◦C and resolved on a 1.7% Agarose gel 

 

 

 

 

 Protein from normal, IPF, and BI-1 siRNA treated IPF fibroblasts were analyzed 

for expression of ER stress proteins (PDI, BiP, CHOP) over the course of 24h 

Tunicamycin challenge. A spike in PDI protein expression at hour 12 is noticed in normal 

fibroblasts, while IPF fibroblasts show an absence of a detectable PDI band until hour 

18h and peaks at 24h (Figure 28). Similarly, pro-apoptotic CHOP protein expression is 

not observed in IPF fibroblasts until hours 18-24 of ER stress. Interestingly, the normal 

fibroblasts produce CHOP protein by hour 12 of ER stress and its levels are sustained 

through to 24 hours. With the introduction of BI-1 knockdown into IPF fibroblasts, we 

were able to recapitulate the normal fibroblast protein expression profiles of these ER 

stress markers in IPF fibroblasts (Figure 28). The BI-1 silenced cells express more 

CHOP, PDI and delayed the expression of BiP foldase protein in a manner that mirrors 

the normal fibroblast response to Tunicamycin-induced ER stress. 
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Figure 28 Western blot analysis of ER stress markers before and after BI-1 knockdown 

Western blot analysis was performed after 24h of challenge in A) Normal and IPF fibroblasts compared to B) IPF 

fibroblasts treated with BI-1 siRNA to quantify ER stress proteins (CHOP, PDI, BIP) normalized to GAPDH. 

Densitometry analysis of C) CHOP, D) BIP, E) PDI westerns from 12-24 hours of tunicamycin challenge.  
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Figure 29 Genes regulated by IREα activation are differentially expressed during ER stress recovery 

A) Gene expression level was quantified by RT-PCR. Fold change was determined for Ero1, CHOP, BiP, and ATF4 by 

comparing gene expression levels in BI-1 silenced IPF fibroblasts to wild-type IPF fibroblasts. 
 

 

 

Expression of genes that are regulated by sXBP1 transcription factor due to the 

ERSE or UPRE sequences at their promotor regions (Ero1, CHOP, BiP, and ATF4) were 

analyzed after Tunicamycin treatment. Fold changes compared the expression of these 

four genes after genetic silencing of BI-1 in the knockdown cell lines to the wildtype IPF 

fibroblasts. Congruent with the upregulation of the sXBP1 transcription factor after BI-1 

knockdown, a significant increase in mRNA levels of CHOP, BiP, ATF4, and Ero1 was 

observed. (Figure 29).  

A 
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Figure 30 BI-1 knockdown removes anti-apoptotic phenotype in IPF fibroblasts 

A) Cell survival after 24h of Tunicamycin challenge as measured by Cell Titre GloTM. B) IPF and NHLF were 

challenged with 0.1ug/ml Tunicamycin for 24hrs, fixed, permeablized, and stained for cytochrome c. White arrows 

indicate the change of cytochrome c localization. At 24h, cytochrome c is released from the mitochondria of NHLF. 

The leakage of cyto c is comparatively less in IPF-F, however when BI-1 is blocked – IPF-F release cytochrome c after 

24h of ER stress like normal fibroblasts. 

 

 

To determine the ability of cells to survive ER stress, the percent cell survival in 

the presence of 100ng/ml tunicamycin challenge was determined before and after BI-1 

silencing. The percentage of surviving cells post challenge correlated with the delayed 

sensitization of ER stress sensor, IREα, resulting in the highest cell survival observed in 

the parent IPF fibroblast population. BI-1 knockdown in the same IPF parent fibroblasts 

resulted in reversal of the anti-apoptotic phenotype in these fibroblasts, and significantly 

A 
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reduced their survival to lower than that of normal fibroblasts, by almost 10% (Figure 

30A). Cytochrome c translocation/release data is also compatible with survival data 

(Figure 30B). 

 

 

Figure 31 BI-1 inhibition results in senecent cell clearance 

A) Senescent cells (blue) are shown from Beta-Gal assay before and after Tunicamycin treatment in WT IPF-F and BI-

1 knockdown IPF fibroblasts. B) Average number of senescent cells in 4 different locations of the exposure plate, in 3 

IPF-F and 3 BI-1 siRNA IPF Fibroblasts. 

 

Induction of Senescence 

 

BI-1 silencing does not induce cellular senescence, as seen through beta-gal 

staining where the percentage of blue senescent positive cells before and after siRNA 

treatment were relatively unchanged (Figure 31A). However, BI-1 knockdown decreased 

the percentage of blue senescent IPF fibroblasts that survived Tunicamycin challenge as 

compared to their IPF WT counterparts. Silencing BI-1 followed by Tunicamycin 

exposure promoted a numerically significant, but not statistically significant, decrease in 

the number of senescent cells.  An average 23% of senescent cells were cleared from the 

A B 
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fibroblast population, which is almost double that of WT IPF fibroblasts treated with 

Tunicamycin alone (Figure 31B).  

 

Targeting Bax-Inhibitor-1 in IPF fibroblasts abolishes the activated myofibroblast 

phenotype 

 

   

Figure 32 Cell morphology of IPF fibroblasts after BI-1 silencing 

A) IPF fibroblasts with and without BI-1 expressed are activated with TGF-beta. Phase-contrast microscopy captured 

distinct morphological changes depending on treatment group. B) ACTA2 mRNA expression was determined by RT-

PCR normalized to 18S and fold change was calculated by comparing BI-1 silenced fibroblasts to WT IPF fibroblasts. 

 

Morphological effects of BI-1 knockdown 

 TGF-beta is capable of inducing fibroblast activation, that results in 

morphological changes to the cell as seen in Figure 33A-2. The activated fibroblasts 

become elongated, with increased membrane protrusions formed through actin 

polymerization. This is in contrast to the morphological changes observed in BI-1 

silenced cells, that exhibited a contracted, ambeoid-shape suggesting a more quiescent 

A 
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phenotype (Figure 32A-3). When the BI-1 siRNA treated cells are exposed to TGF-beta, 

there activation response appeared to be attenuated, as demonstrated by a reduction of 

stress fibers and fusiform shape. (Figure 32A-4). Compared to control, BI-1 silenced 

fibroblasts are 8-fold lower in their ACTA2 gene expression (p-value > 0.05) (Figure 

32B).   

 To asses the functional effect of these morphological differences in the migratory 

capbility of the fibroblasts, we performed a 24-hour scrach test on WT IPF fibroblasts 

and BI-1 siRNA IPF fibroblasts. The wound closure is severely inhibited by BI-1 

knockdown (Figure 33A). We report a signficant difference in the migratory ability of the 

fibroblast without BI-1, where an observed 77% (p-value = 0.0004) of the wound 

remained open as compared to the almost complete closure of the wound in control 

fibroblasts (Figure 33B). 

 

        

Figure 33 BI-1 knockdown effects on IPF fibroblast cell migration 

Wild-type and BI-1 silenced fibroblast motility. A) Scratch test was imaged for 24h after streaking seeded 6-well plate. 

B) Statistical analysis of open wound percentage after 24 hour fibroblast migration demonstrated a signification 

difference (P=0.0004) after BI-1 silencing.  

A 
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Relationship between collagen-production and cell survival 

When fibroblasts are divided into low collagen expressing and high collagen 

expressing groups based on COL1A1 mRNA levels, the group with increased collagen 

expression contains the IPF fibroblast cell lines.   Fibroblasts undergo increased ER stress 

when they express more COL1A1, as shown by the increase in ATF4 mRNA in the high-

collagen fibroblast group (IPF Fibroblasts)  as compared to the low-collagen fibroblast 

group (Normal Fibroblast) (Figure 25). However, pro-apoptotic CHOP mRNA 

expression did not accompany the increase in ATF4 expression and remained at 

comparatively low levels in the IPF fibroblast cell lines. The data suggests the IREα arm 

of the UPR regulated by BI-1 is modulating CHOP expression in IPF fibroblasts to 

phenocopy the response of a normal fibroblasts experiencing little to no ER stress, 

despite the marked increase in ATF4 ER stress marker. 
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Figure 34 mRNA of pro-apoptotic CHOP in High-collagen expressing IPF-F and Low-collagn expressing NHLF 

Expression of ATF4 and CHOP mRNA in normal and IPF PHLFs (n=7) were determined by RT-PCR 

 

We examined whether spliced XBP1 expression was related with COL1A1 

expression. A significant positive correlation was observed between sXBP1 and COL1A1 

(R2= 0.9146).  As collagen mRNA levels increase, the unfolded protein response 

becomes activated as shown by the increase in percentage of sXBP1 (Figure 35). 

Furthermore, the percentage of surviving cells after ER-stress challenge was correlated 

with amount of spliced XBP1 at baseline (prior to Tunicamycin exposure). It was 

demonstrated that an intermediate level of spliced XBP1 is cytoprotective and promotes 

ER-stress recovery. Fibroblast exposure to Tunicamycin over 24hrs resulted in a 
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34.85±4.84% (P<0.0001) and 68.49±3.63% (P<0.0001) decrease in cell survival of low 

collagen expressing fibroblasts and high collagen expressing fibroblasts respectively. 

 

 

Figure 35 Relationship between collagen expression and sXBP1  

The relative expression of COL1A1 mRNA and spliced XBP1 normalized to 18S mRNA in five PHLFs cell lines 

(normal fibroblasts n=2, idiopathic pulmonary fibrosis fibroblasts n=3) were determined by RT-PCR. 
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Figure 36 Relationship between sXBP1 and cell survival  

PHLFs cell lines (normal fibroblasts n=3, idiopathic pulmonary fibrosis fibroblasts n=7) were exposed to Tunicamycin 

(80uM) for 24 hours. Percent cell survival was determined by Cell Titre Glo™ assay. Relative expression of spliced 

XBP1 normalized to 18S mRNA was determined by RT-PCR. 

 

 

 

 

 To assess the effect of collagen production on cell survival, IPF fibroblasts were 

pre-treated with Bay-412272, a compound which has been observed to decrease collagen 

expression in different cell types through cGMP controlled pathways. In our fibroblasts, 

we observe similar effects of decreased collagen in both IPF fibroblasts and normal 

fibroblasts. Both Collagen 1 and Collagen 3 mRNA levels were reduced after Bay-

412272 pre-treatment. The fibroblasts expressing lower amounts of collagen as a result of 

the pre-treatment were then found to be more susceptible to Tunicamycin-induced 

apoptosis (Figure 37). Interestingly, the fibrocyte population (105F) which expresses very 

low amounts of collagen at baseline, served as a negative control and showed no 

appreciable difference in cell survival. 
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Figure 37 Decreased collagen burden in IPF affects the apoptotic resistance phenotype 

IPF fibroblasts (n=3) were pretreated with BAY412272 or TGF-β for 24h before challenged with 100ng/ml 

Tunicamycin for 24h. Cell survival was determined using Cell Titre Glotm. Fibrocyte (105F) and Normal fibroblast 

(N4) was used as controls.  

 

 

 

 

Discussion 

In the previous chapter, we have demonstrated the dysregulation of the 

mitochondria in senescence as a source of the apoptotic-resistance observed in IPF 

fibroblasts. We identified BI-1 as a protein of interest in our mechanism of differential 

responses to ER stress due to the fact that BI-1 is an evolutionarily conserved 

mitochondria membrane and endoplasmic-reticulum protein113. On the mitochondrial 

membrane, BI-1 inhibits Bax dimerization and pore formation that leads to cytochrome c 

release. However, BI-1 on the ER membrane regulates the activation IREα, an arm of the 

B 
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UPR. Interestingly, BI-1 also plays a role in aging, where overexpression of BI-1 delays 

cellular senescence in Arabidopsis thaliana114.   

In the lung tissue of IPF patients, an abundance of BI-1 protein was found and the 

gene expression of BI-1 was upregulated in IPF fibroblasts (Figure 24). Knockdown of 

BI-1 caused an increase in IREα endoribonuclease activity and a more rapid splicing of 

XBP1 (Figure 25-26).  In agreement with increased transcription factor sXBP1, we 

confirmed its translocation into the nucleus at earlier time points in BI-1 siRNA 

transfected cells.  Since sXBP1 is capable of binding to UPRE and ERSE sequences once 

in the nucleus, genes with these promoter regions were upregulated in their expression, 

including pro-apoptotic CHOP as expected (Figure 28) We see the removal of apoptosis 

resistance in IPF fibroblasts with BI-1 knockdown (Figure 29-30) and earlier 

sensitization to ER stress (Figure 27), supporting the dual roles of BI-1 as an 

antiapoptotic protein and a modulator of IREα. Bi functional roles for apoptosis-related 

proteins have been described for Bcl-XL and Bcl-2 which regulate proinflammatory 

processes, as well as survival pathways during nutrient deprivation. Another example is 

BID, that is a proapoptotic protein, but also controls DNA repair responses. These are a 

few examples to illustrate how important apoptosis-related proteins are in normal cellular 

physiology.  

Analysis of ER stress markers show an expression pattern that resembles that of 

normal fibroblasts after IPF fibroblasts were treated with BI-1 siRNA. The clearance of 

senescent cells was promoted by BI-1 knockdown followed by Tunicamycin challenge 

(Figure 30). Surprisingly, silencing BI-1 also decreased myofibroblast activation, as 
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demonstrated by impaired cell migration (Figure 32) and dramatic decrease in alpha-

smooth muscle actin (Figure 31).  

A study investigating ER stress in a different cell type reported that BI-1 

regulated TGF-beta induced EMT of the pulmonary epithelial cells in IPF115.  In our 

observations, collagen production is correlated with survival (Figure 34-35) and when we 

reduced collagen expression, the survival of the fibroblast also decreased (Figure 36).  

Intermediate ER stress in IPF fibroblasts appears to be associated with apoptotic 

resistance to further insults to the ER83. Tolerance to secondary stress is important for 

fibroblast survival in the IPF lung environment. Increase in BI-1 allows for the UPR to be 

selectively activated in high collagen-producing IPF fibroblasts without induction of pro-

apoptotic signals. In support of this notion, mild ER stress has been reported to be present 

in highly secretory cells. Lin et al. demonstrated that sXBP1 levels typically decline after 

prolonged ER stress116 which is similar to what happens during chronic stress (Figure 

37). Understanding how to manipulate this maladaptive response may help modulate the 

amplitude of UPR signaling, and hence cellular sensitivity to ER stress challenge.  
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Figure 38 Expression of ER stress markers at different phases of the UPR  
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CHAPTER 4: PHARMACOLOGIC MANIPULATION OF FKBP10 IN 

PROMOTING CLEARANCE OF FIBROSIS 

Background 

There are currently two FDA approved drugs, Ofev and Esbriet, for the treatment 

of Idiopathic Pulmonary Fibrosis. The medications slow the progression of IPF by acting 

on multiple pathways involved in lung scarring8,117,118. The exact mechanisms of the 

drugs have yet to be determined and their efficacy is limited in the heterogeneous IPF 

population. Limitations of the drugs include side-effects including: photosensitivity, 

gastrointestinal issues, elevated liver enzymes, and general fatigue117. Many new 

compounds are being test in clinical trials14 as the IPF community hopes for better 

treatment options. Some new approaches include combinatorial regimens119 and 

senolytics75,120,121 are emerging to better target disease pathways in IPF. We have 

demonstrated in the previous chapters an altered UPR response within IPF fibroblasts and 

how it is linked with cell survival and collagen burden. In this chapter we suggest that 

targeting a chaperone protein involved in collagen processing and the UPR would then 

promote IPF fibroblast clearance.  

FKBP10 as a potential therapeutic target in IPF 

FK506 Binding Proteins (FKBPs) are molecular chaperones which play various 

roles in protein folding and regulation. Their up-regulation is observed in several protein 

aggregation related diseases such as lung fibrosis, Alzheimer’s disease and prion 
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processing. Overexpression of FKBP12 in human neuronal cell line leads to amyloid 

precursor protein (APP) processing shifting towards the amyloidogenic pathway along 

with alternative subcellular localization of APP122,123. Additionally  in animal models of 

prion disease, treatment with FK506 (a natural ligand of FKBPs) lead to abortive 

translocation and degradation of the cellular prion protein,124 and increase survival in 

animal models of prion disease. 

Idiopathic pulmonary fibrosis (IPF) is a devastating interstitial lung disease with 

few treatment options and high mortality. While the specific causes of IPF are not well 

known, it is widely accepted that the uncontrolled deposition of extracellular matrix (ECM) 

protein is the main event which leads to irreparable fibrosis and mortality. Therefore, 

targeting the enzymes involved in the ECM formation is a highly relevant approach for IPF 

treatment. FKBP10 is elevated in samples of human lung fibroblasts, and in models of 

diseas such as the bleomycin-induced preclinical model for IPF125. Their biochemical role, 

as it relates to the excessive ECM deposition is revealed124, their potential role in IPF 

becomes more illuminating.   

In addition to its role as a collagen chaperone protein, FKBP10 is also an 

accessory protein for the enzyme lysyl hydroxylase 2 (LH2) and aids in it functional 

homodimerization111, 127. The types of collagen cross-links that form in connective tissues 

are determined prior to cross-link formation by the hydroxylation of telopeptidyl and 

helical Lys residues on collagen128. Mediating these changes are lysyl hydroxylases 

(LH1/2/3), these intracellular enzymes induce hydroxylation of Lys residues on collagen 

prior to trifunctional crosslinking of hydroxylysines through lysyl oxidases (LOX)127. 
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Collagen modifications such as these promote covalent intra- and inter-molecular cross-

links which stabilizes collagen molecules and prevents degradation. This process also 

contributes to a feed-forward loop in IPF pathogenesis resulting in a stiffening the 

extracellular matrix and further activating fibroblasts. Previous studies have demonstrated 

FK506 inhibits transforming growth factor (TGF)-beta-induced collagen deposition in 

vitro129. Hence, the inhibition of the exaggerated activity of FKBP10 in IPF could be a 

new direction to treatment of the disease. 

 

 

Figure 39 FK506 structure 

FK506 structure marked with FKBP binding region and calcineurin binding region. Blue highlighted is the pipecolate 

moiety which inhibit the PPIase activity of FKBPs. 

 

 

 

 

FK506, is a macrolide, and a natural ligand of FKBP. It is produced by several 

Streptomyces strains, and binds FKBP with a nano-molar binding affinity. FK506 has two 

binding sites, one binds FKBP while the other on the opposite side is related to the 
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immunosuppressant pathway (Figure 1). Therefore, using FK506 as FKBPs inhibitor in 

IPF patients is not feasible due to its systematic immunosuppressant activity.   

 Previous research confirmed that the immune suppressant activity of FK506 is 

not related to FKBP binding activity of the molecule. Thus, it is feasible to disrupt the 

immune suppressant activity of FK506 by structural modification130 would potentially 

serve the IPF community.  An FK506 analogue was designed by Dr. Young-Ok You and 

Dr. Mikell Paige (GMU) to retain the affinity to FKBPs with minimum affinity to 

calcineurin, thereby selectively inhibit FKBP10 without immunosuppressant side effects. 

We hypothesized that the sequestration of FKBP10 through the analogue of FK506 

would decrease LH2 enzymatic activity and subsequently suppress collagen synthesis in 

IPF fibroblasts.  

Designing a drug carrier to target IPF fibroblasts 

Drug delivery systems are crucial to promote the efficacy and efficiency of 

pharmaceutical compounds, as these carriers contain the active drug. These drugs can be 

dissolved, dispersed, encapsulated, absorbed, or attached to their carrier for efficient and 

targeted delivery. Therefore, the material used in the composition of the carrier needs to 

be carefully engineered to elicit the desired drug profile and release rate of the drug. 

These drug-controlled release systems can be categorized into different classes: 

nanoparticles, microspheres, microcapsules, pills, emulsions, etc.131,132 Their 

classification can then be further sub-categorized based on composition of the drug 

delivery system.  
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 THe emerging field of nanoscience has propelled bioengineering discoveries, 

such as, the foundational contributions of Birrenbach and Speiser in the 1970s who 

developed the first nanoparticles as a drug delivery device 131. Birrenbach and Speiser 

noted the “size effect”, that the physical size of these particles, between 1-1000 nm, 

conferred unique characteristics to the particles and their cargo. These properties include: 

protection from degradation, increased absorption, enhanced stability and bioavailability, 

longer retention, and better intracellular penetration when drugs were encapsulated inside 

nanoparticles 131.  Depending on the composition and surface properties of the particle, 

different drug release profiles can be achieved.  

 Over the last decades are a vast variety of FDA-approved nanoparticles have been 

introduced to the drug market, including subcutaneous, intra-nasal, intravenous, delivery 

to treat cancers, infections, and tissue repair 132,133. The different flavors of nanoparticles 

can be engineered from lipids, ceramics, carbon, metal, polymers, and dendrimers. Lipid-

based nanoparticles have been well-characterized due to their ease of preparation. Most 

commonly, crude liposomes can be prepared through thin-film hydration or size 

extrusion, and further sonicated to yield smaller unilamellar vesicles 134. The unique 

ability of lipogenic systems to self-assemble and entrap lipophilic compounds makes 

them very appealing. Their ability to also encapsulate hydrophilic cargo in the aqueous 

center surrounded by the bilayer membrane makes lipogenic nanoparticles a promising 

approach to encapsulate large charged molecules, and has been successfully used in a 

clinical setting for delivery of vaccinations against hepatitis and influenza 134. 

Modifications to these liposomes such as using high-transition temperature lipids and 
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PEGylation were explored to increase stability and reduce cytotoxicity134.  Additional 

surface modifications can be used to hone these nanoparticles to specific cell types, and a 

number of emerging studies have been attempting to target the IPF fibroblast. Biomedical 

researchers have recently began experimenting with nanoparticles as a potential method 

for administering treatment, while mitigating side effects and toxic interactions with 

healthy, normally functioning cells.  

The mitochondria has been at the center of various putative therapeutic strategies 

in IPF135,136.  A key regulator in downstream apoptosis is the cell’s capability of 

maintaining mitochondrial inner-membrane potentials (ΨIM), as depolarization leads to 

cytochrome c release and future cell death. Interestingly, more apoptotic-resistant cells, 

like that of various cancers, have been found to have negative mitochondrial membrane 

potentials greater than that of a normal cells137. One feature of the dysfunctional 

mitochondria in IPF fibroblasts we have observed is a hyperpolarized membrane (Figure 

19). Given this difference in membrane potential between normal and malignant cells, 

like that of cancer and IPF, researchers have been given the unique opportunity to exploit 

it. Positively charged ions—like triphenylphosphonium (TPP)—are further drawn 

towards and will accumulate in hyperpolarized mitochondria, acting as a more targeted 

therapy138–140. This negative charge attracts the positive charge of a cation which can be 

conjugated to the outer surface of a nanoparticle. We hypothesize using nanoparticles 

conjugated with a triphosphonium phosphate (TPP) cation is a potential method for 

administering treatment to mitigate side effects and toxic interactions with healthy, 

normally functioning cells in the IPF lung. The engineering of a new drug carrier could 
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potentiate not only the effectiveness of the medication currently available but also 

improve quality of life for patients. This could be done through the increased specificity 

of the nanoparticle delivery system to target specific effector cells propagating the 

disease, which would translate to lower drug dosages and subsequently minimizing the 

adverse side-effects.  

Methods 

Materials 

All chemicals and supplies were purchased from Fisher Scientific (Pittsburgh, 

PA) unless specified. Antibodies were purchased from Cell Signaling Technology 

(Danvers, MA)) and primers from Integrated DNA Technologies (San Diego, CA).  

Immunohistochemistry 

Formalin-fixed and paraffin-embedded IPF and normal tissue slides were first 

deparaffinized with sequential washes in xylene, ethanol, and rehydrated with nuclease-

free water. Antigen retrieval was performed on the rehydrated slides by pressure cooking 

for 3 minutes (at boiling) in 5mM sodium citrate buffer (pH 6.0). Following antigen 

retrieval, the slides were cooled on ice for 5 minutes and blocked with 1% BSA in PBS 

for two hours at room temperature. An incubation overnight at 4ºC in primary antibody 

FKBP10 (Fisher) was diluted 1:1000 in 1% BSA. After primary antibody incubation 

overnight, slides were washed the next day with PBS, by dipping slides 3X in 3 separate 

wash steps by replacing fresh PBS into the glass slide holder. The slides were then 

incubated with species complementary secondary antibodies conjugated FITC for 1 hour 

at room temperature away from light. The slides were then wash in PBS 3X by dipping 
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method followed by counter staining for nuclei and with DAPI (2mg/ml in PBS) for 30 

minutes. A coverslip was mounted on each slide using CytosealTM  XYL (Richard-Allan 

Scientific). Images were processed using EVOS FL Auto microscope and software. 

 

Cell Culture 

Cell Culture. Primary normal human lung fibroblasts (NHLF; n=3) and IPF patient-

derived fibroblasts (IPF-F; n=3) were cultured in Dulbecco's Modified Eagle Medium 

(Invitrogen) supplemented with 5% fetal bovine serum (Atlanta Biologicals).  

Primary fibroblast isolation and culture 

IPF-F and normal-F were isolated from lung tissue by enzymatic dissociation and 

differential binding, as described previously (Figure 4). Fibroblasts were cultured in vitro 

≤ 80% confluence and maintained within a 10 passage range in complete media 

(Dulbecco’s Modified Eagle medium (DMEM, Invitrogen) supplemented with 10% 

Foetal Bovine Serum (FBS, Valley Biomedical, VA) and 10,00 units/mL of penicillin, 

10,00 µg/mL of streptomycin, and 2.5 µg/mL of Fungizone® (PSF)).  

 Pretreatment of cells 

Prior to each experiment, all cells were pretreated in the same manner.  

Specifically cells were grown to 90% confluence and serum-starved overnight. Cells 

were seeded the following day at 5000 cells per well in a 96 well plate, or 1x106 cells for 

a 100mm2 dish, in complete media without PSF, and allowed to attach overnight (over 

16-24 hours). Cells were treated with the following compounds in this chapter: 10ng/mL 

Tacrolimus, 10ng/mL FK506A, 100ng/mL Tunicamycin, 5ng/ml Lactacystin, and 9µM 
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STPP for 24 hours.  After exposures, cells were flash frozen in liquid nitrogen and stored 

at -80o C for RNA and protein analysis. 

Total RNA Extraction 

 Total RNA was extracted using the RNeasy® Kit (Qiagen) from treated and 

untreated control cells. All RNA was quantified using a Nanodrop™ spectrophotometer 

(Nanodrop™ 3.0.0, Agilent Technologies) and stored at -80°C. 

Quantitative RT-PCR 

Total cellular RNA was isolated from NHLF and IPF-F samples (n=6) using the 

RNeasy® Kit (Qiagen). All RNA was quantified using a NanodropTM 

spectrophotometer (NanodropTM 3.0.0, Agilent Technologies) and stored at -80C. 1 μg 

of total RNA was reverse-transcribed into complementary DNA using reverse 

transcription reagents containing Verso reverse transcriptase (Thermo Fisher). qPCR was 

carried out using Quantifast SYBR green PCR kit (Qiagen). All gene expressions were 

normalized to 18S gene expression using the Comparative Ct 2-(delta)(delta)Ct method 

(Pfaffl, 2001).  Gene expression was analyzed for: 

 

Table 6 Primer List 3 

Primer Forward Reverse 

COL1A1  TCGAGGGCCAAGACGAAG CAGATCACGTCATCGCACAAC' 

FKBP10 CGACACCAGCTACAGTAAG TAATCTTCCTTCTCTCTCCA' 

FAP TGCTCTCTGGTGGTCTCCTAA TTAGGAGACCACCAGAGAGCA 

ACTA2 CTATGCCTCTGGACGCACAACT CAGATCCAGACGCATGATGGCA 

CCND1 GTGCTGCGAAGTGGAAACC ATCCAGGTGGCGACGATCT 

PLOD2 CTAAAGTTTACATTGATCCACT GGCTTCCGCTTGACTTAGAT 

PLOD1 GGAACCTGGCCTATGACACCCT TGCCATGCTGTGCCAGGAACT 
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Western Blot 

Western Blot. 30μg of total cellular protein from cells that were seeded, serum 

starved, and pretreated with 2ng/mL TGF-beta for 48 hours then exposed to 10ng/mL 

FK506-phenylalanine or Tacrolimus for 24h was subjected to gel electrophoresis using a 

4-12% Bis-Tris gradient gel (Invitrogen). Visible molecular weight markers were 

included (Dual Precision Plus Marker, Bio-Rad or Pre-Stained Protein Ladder, Fisher). 

Proteins were transferred to nitrocellulose membrane using the iBLOT® system 

(Invitrogen). All membranes were blocked with 5% non-fat dried milk in Tris-buffered 

saline (TBS) containing 0.1% Tween-20 (TBS-T) for 1 hour at room temperature. After 

blocking, the TBS-T was replaced with TBS-T 5% non-fat dried milk containing primary 

antibodies (Table 6) at a concentration of 1μg/ml of each antibody overnight at 4o C. 

After overnight incubation each membrane was washed 5 times for 5 minutes (5x5mins) 

with TBS-T, followed by incubation with the appropriate horseradish peroxidase (HRP)-

linked secondary antibodies in TBS-T 5% non-fat dried milk for 1 hour at room 

temperature. Afterward, each membrane was washed with TBS-T 5X5min then 

visualized by incubation with chemiluminescent Super Signal West Femto Max 

Sensitivity Substrate (Pierce). For normalization blots were then stripped using Restore 

Western Blot Stripping Buffer (Thermo Scientific) according to the manufacturer’s 

protocol. Each membrane was then re-probed with a primary antibody and secondary 

antibody as previously described. All immune-blots were imaged using ChemiDocTM 

XRS System (Bio-Rad) and densitometry analysis was performed using Quantity One 
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software (Bio-Rad). Protein expression was normalized to GAPDH (ab 5174, Cell 

Signaling). 

 

Table 7 Antibody List 3 

Antibody Manufacturer  Catalog Number 

FKBP10 Santa Cruz sc-390538 

GADPH Cell Signaling 2118 

 

Alphascreen 

  His-FKBP10 (BioSciences) and myc-DKK-LH2 (Origene) were titrated at various 

concentrations to determine optimal protein-protein interaction conditions which emitted 

the highest fluorescent signal. The proteins were incubated together for 1 hour at room 

temperature, before the addition of 1.5ug/mL Biotinylated Anti-FLAG antibody for bead 

streptavidin bead conjugation.  Donor and nickel chelated acceptor beads were added 

after antibody and proteins were incubated for 1 hour at room temperature.  The 20µl 

total volume reactions were incubated at room temperature overnight in 384 Perkin-

Elmer Flat Gray plates before measurement of fluorescence using a TECAN plate reader 

with standard AlphaScreen settings. 

Cell Viability 

The effect of various compounds on IPF-F (n=3), normal-F (n=3) cell survival 

were tested: 10ng/mL Tacrolimus, 10ng/mL FK506A, 100ng/mL Tunicamycin, 5ng/ml 

Lactacystin, and 9µM STPP. Cell viability was determined over 24 hours using the 

CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Madison, WI). 
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Collagen Secretion 

Primary normal human lung fibroblasts (NHLF; n=3) and IPF patient-derived 

fibroblasts (IPF-F; n=3) were cultured in Dulbecco's Modified Eagle Medium 

(Invitrogen) supplemented with 5% fetal bovine serum (Atlanta Biologicals). PHLFs 

(n=6) were grown to 80% confluency and then serum starved overnight prior to seeding 

100,000 cells per dish. The cells were treated with tacrolimus or FK506-phenylalanine 

for 24 hours at 10ng/ml or pre-treated with 2ng/ml TGF-beta for 48 hours. The 

supernatant was collected and stored at -80C until use.  Bacterial collagenase (1mg/ml) 

was dissolved in 50mM Tris buffer, pH 7.5 with 5 mM CaCl2. To a 48-well plate, 100µl 

of sample solution (cell supernatant) was mixed with 20µl of 0.1mg/ml collagenase, 

100µl of a 125mM sodium borate buffer (pH7.5) and 5mM CaCl2, and 30uL of H20. The 

mixture was then incubated at 37C for 60mins. The solution was mixed with 250µl of 

0.75mM, 3,4 DHPAA in H2O, 250µl of 125mM sodium borate (pH 8.0) and 250µl of 

1.25mM of NaIO4 in H2O. The mixture was immediately reacted at 37C for 10 minutes. 

The fluorescent intensity of the reaction mixture was measured by TECAN at excitation 

wv 375 nM and emission maxima 465 nm.  

Collagen Contraction  

A collagen solution in DMEM was prepared from rat tail Col I according to the 

manufacturer’s instructions, and combined with cells at 2x105 /ml (n=3/cell type). The 

collagen/cell mixture (400 ml/well) was dispensed into culture plates and allowed to 

polymerize at 37°C for 30 min. Immediately after polymerization, 2 ml DMEM 

containing 10% FBS was added to each well. The gels then were detached from the wells 
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after 24h and corresponding treatment (Media, TGF-beta, Tacrolimus, and Nintedanib) 

was added.  The longest diameters of each gel were measured after 120h. The mean of 

the linear measurements (n=3 for each sample) taken at each time point was used to 

estimate the contractility of the cells. The data are presented as percent gel contraction. 

This experiment was repeated twice with similar results using cells obtained from 

different donors. 

Immunocytochemistry 

IPF fibroblasts and normal fibroblasts were seeded, serum starved, and pretreated 

with 2ng/mL TGF-beta for 48 hours then exposed to 10ng/mL FK506-phenylalanine or 

Tacrolimus for 24h. Control treatment groups include: Untreated, TGF-beta only, and 

FK506-phenylalanine/Tacrolimus only. The slides were fixed in 1.6% paraformaldehyde 

for 10 minutes at room temperature. Slides were then washed with PBS and 

permeabilized with (X-100) Triton X. Each slide was then blocked with 1% BSA in PBS 

for 2 hours at room temperature. Immunocytochemistry (ICC) was performed by 

incubation overnight at 4C in the NFATc3 (Santa Cruz) diluted in PBS with 1% BSA 

concurrently. Subsequent to primary incubation, slides were washed 3X 5mins in PBS 

followed by incubation with species complimentary secondary antibodies conjugated 

with AlexaFluor® for 1 hour at room temperature in the dark. Each slide was then 

washed 3X5mins in PBS. Nuclei were visualized by counter-staining with DAPI (1μg/ml 

in PBS) for 1 minute. Slides were then mounted in CytosealTM XYL (Richard-Allan 

Scientific) and covered with a cover slip. Visualization was carried out using a EVOS 

Fluorescent microscope. Images were processed using MS Powerpoint. 
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Liposomal nanoparticle synthesis 

Liposomes having final lipid concentration 5mg/ml were prepared using the 

desired lipids in the molar ratios as indicated in Table 1. Nintedanib (concentration of 

20μg/ml) was added when necessary so as to achieve the final Nintedanib concentration 

of 500ng/ml (1μM). Liposomes were prepared using the standard thin film hydration 

method; schematic of the process is illustrated in Figure 43). The organic solvent (3:1 

Chloroform:Methanol) from the lipids was evaporated using a rotary evaporator (100rpm 

at 45℃) and 10% sucrose 5mM HEPES buffer was added to the resulting dried lipid film 

at the transition temperature of 37°C. The hydrated lipid film thus formed was subjected 

to sonication to obtain unilamellar vesicles.   

Probe Sonication  

The nanoparticles were placed in 5mL beakers set in an ice bath and subject to 

probe sonication for 10 minutes in increments with the pulse set on 0.5s and 0.5s off at 

22% amp. To remove titanium particles from probe sonication, the plain and STPP 

nanoparticles were placed into ultracentrifuge tubes, balanced, and placed in the JA-20 

rotor at 18,000 rpms for one hour at 4°C. The supernatant was collected, which contained 

the smallest liposome particles.  

Characterization of liposomes 

 The prepared liposomes were characterized for their size and zeta potential. The 

size distribution of the liposomes was estimated by dynamic light scattering using a 

Beckmann Coulter Particle Size Analyzer (Beckman Coulter N5 Submicron Particle Size 

Analyzer, Beckmann Instruments Corporation). Zeta potential was determined using a 



 

107 

 

Zeta Potential Analyzer (ZetaView). The amount of Nintedanib incorporated in the 

liposomes will be determined by LCMS-MS. Distinct fragment peaks of 70.1 and 113 

were obtained for daughter particles of Nintedanib. 
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Figure 40 Schematic of TFH method 

Thin film hydration method of preparing liposomes. Downsizing was performed by probe sonication, and purification 

was accomplished by ultra-centrifugation. Encapsulation was performed by lyophilization.  
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Fluorescent Microscopy 

Sub-cellular distribution of loaded-cargo was determined using a fluorescent 

Rhodamine dye encapsulated in STPP and Plain liposomes and Mitoview (Biotium) a 

mitochondrial stain independent of membrane potential. Cells were seeded at a 

concentration of 5,000 cells per well on glass slides and exposed to liposomes for 2 hours 

and afterwards, live counter-stained with NucBlue and MitoView for 30 minutes for 

images were taken on the EVOS FL-Auto microscope. Cell lines were grown until 70-

80% confluent in high glucose (2.5mg/ml) Dulbecco’s Modified Eagele Medium 

(DMEM) with 7% Fetal Bovine Serum (Atlanta). Normal and IPF fibroblasts were then 

exposed to STPP nanoparticles loaded with drug or empty (control) for 24 hours.  

 

Results 

FKBP10 is highly expressed in the lungs and fibroblasts of IPF patients 

FK506-Binding Protein 10 (FKBP10), an ER-resident protein, is relevant in IPF 

because of its two roles 1) as a collagen I and tropoelastin chaperone, and 2) as an 

accessory protein assisting lysyl-hyroxylase-2 (LH2) dimerization to modify collagen 

telopeptidyl residues involved in collagen crosslinking in the ECM. Upregulation of 

FKBP10 protein has been observed in the lung tissues of IPF patients There was a 

significant increase in COLA1 (+5.52 fold P<0.05) and FKBP10 (+2.78 fold P<0.05), 

mRNA expression between IPF and normal fibroblast groups (Figure 38A-B).  We 

examined whether FKBP10 expression was related with COL1A1 expression and in 
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Figure 38C a significant positive correlation was observed between FKBP10 and 

COL1A1 (R2= 0.9916).    

 

\ 

 
Figure 41 Increased expression of FKBP10 mRNA and protein in IPF 

A) Immunohistochemsitry of normal and IPF lung tissues show increased FKBP10 (green) in IPF compared to normal. 

B) Total RNA was extracted from both normal (NHLF) and IPF (IPF-F) primary human lung fibroblasts (n=12) to 

examine mRNA expression levels of collagen 1A (COL1A1) and FKBP10 (FKBP65) normalized to 18S.  Levels of 

COL1A1 mRNA in IPF-F were 5.52-fold (P<0.05) higher as compared to NHLF. The significantly higher FKBP10 

mRNA expression in IPF-F (fold change=2.78 P<0.05) was congruent with observations of increased FKBP10 protein 

expression in IPF lung tissue. C) The relative expression of COL1A1 mRNA and FKBP10 normalized to 18S mRNA 

in 6 PHLFs cell lines (NHLF n=3; IPF-F n=3) were determined by RT-PCR.  
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Decreased degradation of FKBP10 in IPF fibroblasts during ER stress 

Gradual increase in ER degradation enhancing α-mannosidase I-like protein 

(EDEM) mRNA was noted in IPF and normal fibroblasts during induced ER stress. This 

Q-PCR analysis suggests the activation of the endoplasmic reticulum associated protein 

degradation (ERAD) pathway (Figure 39A). Functional FKBP10 (75kDa) protein levels 

decrease without mRNA changes during ER stress (data not shown). Western blot 

analysis of FKBP10 revealed a smaller band at 50kDa; the appropriate size of truncated 

FKBP10141 when cleaved by the proteasome (Figure 39C).  NHLF demonstrate a 8.77-

fold increase in the 50kDa FKBP10 truncated band as determined by densitometry 

analysis (p-value > 0.05), compared to an also nonsignificant 3.65-fold increase in IPF-F 

(Figure 39B). Although degradation of FKBP10 under ER stress has been described in 

fibroblasts before, a diminished degradation rate of the protein was observed in IPF-F 

when compared to NHLF. 
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Figure 42 FKBP10 is truncated during ER stress 

After 24 hours of 100ng/ml Tunicamycin challenge, total RNA and protein was extracted at 0, 3, 6, 18, 24 hours of 

exposure. A) Expression of EDEM mRNA in normal and IPF fibroblasts (n=6) were determined by Q-PCR using 18S 

as a control. B) Densitometry analysis of FKBP10 50kDA band as a percentage of total FKBP10 normalized to 

GAPDH. Fold change was calculated by comparing to the expression of FKBP10 before Tunicamycin treatment. C) 

Western blot of functional FKBP10 (75kDa) and cleaved FKBP10 (50kDa).   

 

 

 

 

 

Inhibition of proteasomal FKBP10 degradation increases cell survival of fibroblasts.  

Inhibition of the proteasome resulted in the absence of a smaller 50 kDa band, 

when treated with Lactacystin. B) Percent cell survival after challenge was determined by 

Cell Titre Glo™ assay. The percentage of surviving cells after ER-stress challenge was 

correlated with amount of uncleaved FKBP10. Fibroblast exposure to Tunicamycin over 

24hrs resulted in a 7% (P<0.01) higher cell survival in IPF-fibs than normal-fibs.  

Inhibition of the proteasome with Lactacystin resulted in complete rescue of fibroblasts 
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exposed to tunicamycin challenge. Interestingly, use of Brefeldin A (non-specific 

inhibitor of the proteasome and calpains) prevented FKBP10 degradation, but negatively 

impacted cell survival (data not shown). 

 

           
Figure 43 Inhibition of the proteosome prevents FKBP10 degradation during ER stress and increses cell 

survival  

Fibroblasts (NHLF n=3, IPF-F n=3) were exposed to Tunicamycin (100ng/ml) for 24 hours with and without 

Lactacystin (5ng/ml). A) Total protein was isolated from samples and FKBP10 was analyzed by western blot. 

Inhibition of the proteasome resulted in the absence of a smaller 50 kDa band, when treated with Lactacystin. B) 

Percent cell survival after challenge was determined by Cell Titre Glo™ assay.  

 

 

Characterization of protein-protein interactions (FKBP10-LH2) in the presence of 

Tacrolimus (FK506) and drug analogue (FK506A) 

The interaction between FKBP10 and LH2 was determined in silico using 

Alphscreen™ technology. An Alphascreen chemiluminescent emission peak at 615 nm 

was optimal for a mixture of 300 nM LH2 and 10 nM FKBP10 (30:1) and demonstrated 

interaction between the two proteins. This signal is decreased with the addition of FK506 

IPF Fibroblast Normal Fibroblast A B 
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or the analogue at inhibitory concentrations greater than 1 ng/ml, including 10 ng/ml and 

100 ng/ml. Neither the analogue nor Tacrolimus is significantly more effective than the 

other at interfering with LH2 and FKBP10 protein-protein interactions. Interference of 

FKBP10-LH2 binding by the analogue suggests that the modification of the drug did not 

disrupt the ability of analogue to associate with FKBP10. Negative controls of different 

permutations lacking a single or multiple components of the alphascreen were included; a 

representative negative control series is shown in Figure 44.  

 

 

Figure 44 Alphascreen of FKBP10-LH2 interactions 

FKBP10-his and LH-DDK tagged proteins were cross-titrated in the presence of either FK506A (analogue) or 

Tacrolimus (parent drug). The hook-point was determined for FKBP10-LH2 interactions (red) before observing a dose-

depending decrease of that luminescent signal with the addition of Tacrolimus (dashed lines), and analogue (solid 

lines). Three concentrations of each drug was tested in silico: 1ng/ml, 10ng/ml, and 100ng ml. 

 

 



 

115 

 

 Similar cytotoxicity profiles were observed for both the analogue and the parent 

drug. The cytotoxicity of Tacrolimus was tested in NHLF (n=3) and IPF-F (n=3). After 

24 hours of drug exposure, a sublethal concentration of 10ng/ml Tacrolimus had greater 

cell survival as compared to 100ng/ml with an approximate 70% cell survival. 

Comparably FK506-Phenylalanine demonstrated similar cytotoxic concentration ranges 

as Tacrolimus at 10ng/ml with slightly non-significant higher cell survival percentages 

after a 24 hour exposure in normal fibroblasts (Figure 45).  

 

 

 

Figure 45 Cytotoxicity of Tacrolimus and its analogue 

 A) Cell viability of  primary human lung fibroblasts (IPF-F=3, NHLF=3) after 24 hours of drug exposure 

was measured by Cell Titre GloTM, at three different drug concentrations of Tacrolimus.  B) The same 

concentrations were used to compare toxicity of the analogue to the parent drug in the same cell lines. 
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Sequestration of FKBP10 by Novel Tacrolimus Analogue Hinders Collagen Processing  

Collagen Secretion 

Fibroblasts were exposed to a sublethal 10ng/ml dose of both Tacrolimus and 

analogue for a duration of 72 hours to determine the effects of FKBP10 sequestration on 

collagen secretion. The two compounds were comparable with an observed -1.15-fold 

decrease of soluble collagen after FK506 treatment and a -1.27-fold decrease with 

treatment of the analogue (Figure 46).  

 

 

 
Figure 46 Tacrolimus and anologue effect on soluable collagen secretion 

Soluable collagen from cells treated with TGF-Beta + Tacrolimus (A), or TGF-Beta + FK506-

Phenylalanine (B) was quantified using fluorescence signals from DHPAA-tagged amplified cleaved 

collagen residues. 
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Collagen Cross-linking 

To assess the amount of collagen deposited and differential collagen-crosslinking 

that contributes to collagen matrix stiffness, we performed a contraction assay. In the 

floating contraction model, a freshly polymerized collagen matrix containing fibroblasts 

is released from the culture dish and allowed to float in culture medium, and contraction 

occurs as fibroblasts deposit collagen and increases matrix stiffness. The disk size was 

measured throughout the 120h in culture. We report a significant difference between the 

contraction rate of the control after 120 h and each of the three different treatments. 

Tacrolimus and control FDA approved IPF therapeutic Nintedanib inhibited cell 

contraction, indicated by a larger collagen disk after 120 hours. Positive control TGF-β 

accelerated the contraction rate resulting in the smaller collagen disk size (Figure 47). 

Furthermore, there was a significant difference between the contraction rate of tacrolimus 

and Nintedanib after 24 h, suggesting that tacrolimus might have initially inhibited 

collagen contraction earlier than Nintedanib.  Importantly, FKBP10 sequestration by 

Tacrolimus significantly decreased total collagen contraction by almost 10% as compared 

to media control (Figure 47B).  
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Figure 47 Collagen contration is attenuated with Tacrolimus 

A) Collagen disks seeded with IPF fibroblasts after 24h and 120h exposure to Media (control), 2ng/ml 

TGF-beta (positive control) or 10ng/ml Tacrolimus, or 1µM Nintedanib. B) Comparison of the difference 

between collagen contraction at 0h and 24h (left) and the difference between 0h and 120h (right) for the 

control and each of the three different treatments. 

 

 

 

 

 

Analogue is non-immunosuppressant 

 The analogue (FK506A) was modified by the addition of a bulky phenyl-alanine 

group to the calcineurin-binding arm of Tacrolimus. Due to this chemical alteration, 

theoretically the analogue should not inhibit calcineurin, a phosphatase which activates 

nuclear factor of activated T cell (NFATc) transcription factor by dephosphorylating it. 

Western blot analysis of whole protein lysate collected from TGF-beta activated 

fibroblasts treated with the parent drug (Tacrolimus) showed an increase in 

phosphorylation of NFATc3 (Figure 48A). Densitometry analysis of the phospho-
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NFATc3 bands were normalized to GAPDH control bands and revealed a +1.73-fold 

upregulation of the protein when compared the Media control, which indicated the 

inhibition of calcineurin activity in these cells (Figure 48B). However, without the TGF-

beta activation, the difference in phosphorylation of NFATc3 was minimal (+1.1-fold) 

when comparing media control to Tacrolimus alone. The analogue (FK505A) however, 

decreased amounts of Phospho-NFATc3 with and without TGF-beta activation, 

suggesting calcineurin is activated and supporting the non-immunosuppressant 

mechanism of action of the analogue (Figure 48A-B). Visualization of dephosphorylated 

NFATc translocation into the nucleus of fibroblasts was performed through 

immunocytochemistry. In concert with the western blot data, this translocation was only 

attenuated in the TGF-beta/Tacrolimus treated cases for IPF fibroblasts. Translocation of 

NFATc was observed to the greatest extent in the FK506A treated fibroblasts with little 

difference between IPF and normal fibroblasts (Figure 48C), indicating that the 

immunosuppressive nature of Tacrolimus has been removed in the analogue resulting in a 

collagen modulation molecule without the detrimental effects of immune suppression. 
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Figure 48 Analogue is not immunosuppressant 

A) Representative western blot of P-NFATc3 in PHLF treated with media (lane 1), Tacrolimus (lane 2), FK506-A (lane 

3), or TGF-Beta and Tacrolimus (lane 4), or TGF-Beta and FK506-A (lane 5). Bands were normalized to GADPH 

loading control. A decrease in P-NFATc3 bands were observed in FK506-A treatments (lane 3 and lane 5).  B) 

Quantification of P-NFATc3 bands normalized to GAPDH and fold change compared to untreated control. C)  

Immunocytochemsitry of NHLF and IPF-F shows decreased unphosphorylated NFATc3 (Texas Red) in Tacrolimus 

treatment compared to FK506A. Overlay of DAPI shows some nuclear translocation of NFATc3 in TGF-Beta 

treatment and a slight increase in NFATc3 transolcation with FK506-A treatment as compared to untreated control. 
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Preparation and characterization of a cation-tagged nanocarrier for targeted drug 

delivery 

To conjugate the triphenylphosphine (TPP) cation to our liposome, TPP was 

artificially hydrophobized via linkage to a fatty acid. The addition of a stearyl group 

allows for the covalent anchoring of the hydrophilic moiety to the liposomal surface 

(Figure 49). Stearyl-triphenylphosophonium (STPP) was synthesized by Dr. Mikell 

Paige’s lab and isolated via column chromatography to yield a pure product, which was 

confirmed by NMR. The 31P-NMR spectra of STPP reported a 31P chemical shift that was 

within rage of δ = 20.9-26.2 as described for aryl triphenylphosphonium salts (Kiddle, 

2000). The liposome components were added to an organic solvent mixture of 

chloroform and ethanol according to Table 8 and subjected to thin-film hydration process 

liposome preparation.   

 

Table 8 Characterization of Liposomes 

 

  

Liposomal 

Formulation 
Lipid Composition 

Molar 

Ratio 

Mean Particle 

Size (nm) 

Baseline 

Error 

Zeta 

Potential 

(mV) 

Plain Empty 

Liposome 

PC:Cholesterol:mPEG-

DSPE 70:25:5 265.17 + 1.12 0.07% -136 

STPP Empty 

Liposome 

PC:Cholesterol:mPEG-

DSPE:STPP 74:20:5:1 308.7 + 1.02 0.12% -122 

Plain Nin 

Liposome 

PC:Cholesterol:mPEG-

DSPE 70:25:5 297.3 + 1.40 0.06% -54 

STPP Nin 

Liposome 

PC:Cholesterol:mPEG-

DSPE:STPP 74:20:5:1 312.3 + 5.74 0.06% -61 



 

122 

 

 
Figure 49 Design of liposome components  

Stearyl-TPP was incorporated onto the surface of the particle by covalent interactions of the fatty acid modification on 

the tail end of the cation. Other components were: mPEG = bioavailability; cholesterol = structural support; 

Lethecin (Phosphatidylcholine) = self-assembling micelle. 

 

 

 For further characterization of size distribution, zeta potential, and encapsulation 

efficiency, plain (no STPP conjugation) liposomes were isolated via ultra-centrifugation 

and STPP liposomes were collected using a Sephadex G-15 column. The resultant size of 

the liposomes with incorporated STPP were slightly larger (+43nm) than the plain 

liposomes, likely due to the addition of STPP (Figure 50). Liposomes used in subsequent 

cell assays were all found possess excellent zeta potential (> +60mV), suggesting their 

stability in suspension (Table 8).  A molar ratio of 1% STPP was chosen for the final 

liposome formulation due to the cytotoxic effect of STPP molar ratios above 5% in our in 

vitro cell survival assays after 24h exposure to the liposomes. At a lipid concentration of 

625ng/ml, a 1% molar ratio is 5.5μg/ml of STPP (~9μM) was nontoxic to the cells.  
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Figure 50 Dynamic Light Scattering distribution of empty liposomal nanoparticles with and without cationic tag 

A) The mean particle size for plain empty liposomes was 265.17 + 1.12 nm. B) The dynamic light scattering of STPP 

empty liposomes showed a mean particle size of 308.7 + 1.02 nm.  

 

 

Intracellular distribution of STPP liposomes  

To study the cellular update and subcellular localization of the STPP liposomes, 

IPF fibroblasts were incubated with Rhodamine-labelled STPP liposomes for 1 hour in 

serum-free medium and PBS washed to remove any residual particles. Cells were 

counterstained with MitoView to visualize mitochondria. Noticeable increase in 

colocalization of florescent mock cargo (Rhodamine) and mitochondria tracker 

(Mitoview) in the cells demonstrate efficacious STPP liposome penetration in fibroblasts 

(Figure 51).  Specifically, based on the over-lapping regions we observed of the 

fluorophore in the STPP liposomes and the mitochondria marker, it can be concluded that 

at least partial accumulation of the nanoparticles was at or near the site of mitochondria.  

STPP liposomes were able to traffic Rhodamine to 90% of IPF fibroblasts, while only 

27.45% of fibroblasts treated with plain liposomes had uptaken the mock cargo.  
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Figure 51 Conjugated cation improves encapsulated-cargo trafficking into IPF fibroblasts 

A) Delivery of plain and STPP liposomal nanoparticles loaded with Rhodamine fluorescent cargo (red) to the 

mitochondria stained with MitoView (green) in IPF fibroblasts. Nuclei of cells were counterstained with DAPI (blue). 

B) The percentage of cells with rhodamine using the STPP conjugated liposomes was measured to be 90% versus the 

plain liposomal nanoparticles which was measured to be 27.45% (p-value < 0.05).  

 

 

 

 

STPP-liposomes improve the efficacy of FDA-approved antifibrotic 
 

 

 

 

 

 

 
Figure 52 mRNA level changes with STPP-Nin liposomes 
IPF fibroblasts (n=3) were treated with 1μM Nintedanib (— = free-drug control; + = STPP-liposome encapsulated 

drug) for 24h. IPF fibroblasts observed a significant decrease is COL1 mRNA expression as determined by RT-PCR 

after 24h. Decreases in PCNA, FAP, and ACTA2 gene expression were non significant due to the heterogeneity of 

primary fibroblasts.  
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Discussion 

In addition to UPR regulators such as increased Grp78 and BI-1 as mentioned in 

the previous chapter, we know that the cell also maintains a pool of chaperone proteins 

which aid in the correct folding of proteins. These chaperone proteins are usually 

upregulated during periods of ER stress. In the context of IPF, activated myofibroblasts 

secrete an abundance of collagen and therefore would require collagen-specific 

chaperones. Through the series of experiments in this chapter, we show that chaperone 

protein FKBP10 is up-regulated in IPF lungs and primary fibroblasts isolated from IPF 

patients (Figure 40).  The expression of FKBP10 is associated with collagen synthesis, 

and an increase in ER stress leads its proteasomal degradation (Figure 41).  However, the 

rate of FKBP10 degradation is slower in IPF fibroblasts. Inhibition of the proteasome 

resulted in preservation of the protein in its untruncated, active 75kDa form which 

increased cell survival in Tunicamycin-induced ER stress challenge. Similar inhibition of 

the proteasome to during ER stress revealed an accumulation of FKBP10 in the cytosol, 

consistent with retrotranslocation and a proteasome-based proteolysis141,142. A 

mechanism has been proposed for retaining and stabilizing functional FKBP10 in the ER 

that is dependent on the protein’s two EF-hand Ca2+-binding domains141.  A published 

study has shown how the efflux of calcium from the ER during stress causes diminished 

Ca2+ binding at the EF1 domain of FKBP10, which in turn directs this protein for ERAD-

mediated destruction. Recalling that in our IPF fibroblasts, we previously observed 

upregulated gene expression of SERCA2 (Figure 11), an ER-membrane pump that 

returns calcium ions to the ER lumen, we hypothesize a scenario wherein FKBP10 is 
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stabilized within the ER of IPF fibroblasts and escapes rapid proteolysis resulting in 

survival.  

The impact of FKBP10 stability in the IPF fibroblasts survival was demonstrated 

by the inhibition of its degradation (Figure 43). However, it has been recently suggested, 

FKBP10 upregulation is also a result of injury and in part a direct response to TGF-

beta142, to assure the presence of FKBP10 in the ER of cells actively producing 

components of the ECM. In agreement, the Eickelberg lab has reported FKBP10 as a 

potential novel drug target for IPF, and using siRNA-mediated knockdown of FKBP10 

attenuated the expression of pro-fibrotic mediators in primary human lung fibroblasts125. 

In our study, we sequester FKBP10 from its collagen chaperone functions by using 

Tacrolimus which has a high affinity for the PPI-domain of FKBP10.  Due to the 

immunosuppressive activity of Tacrolimus, we tested the parent drug alongside an 

analogue that retained the binding site for the PPI-domain but did not block calcineurin 

activity (Figure 47).  The analogue had similar cytotoxicity profiles (Figure 44) and 

effects in vitro. Pharmacologic inhibition of FKBP10 decreased levels of secreted and 

deposited collagen (Figure 45-46), consistent with the observations of decreased collagen 

production in diseases like osteogenesis imperfecta which is caused by a deficiency of 

FKBP10. Furthermore, the accessory protein function of FKBP10 for LH2 

homodimerization was confirmed by our Alphascreen data (Figure 43). Based on the 

reduction in chemiluminescent signal in the presence of either Tacrolimus or the 

analogue (Figure 43), together with the observation of less contracted collagen disks 

(Figure 46), the data suggests decreased lysyl hydroxylation of extracellular collagen.  
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 The importance of a softer matrix to halt the feed-forward mechanism of 

fibroblast activation in IPF143 has been implicated in therapeutic approaches that aim to 

resolve fibrosis through degrading deposited collagen144 or reducing collagen 

production6. Drugs in the same family as Tacrolimus, including Sirolimus, are currently 

under clinical trials for the treatment of IPF14.  Similarly, Cyclosporine A which is also a 

calcineurin inhibitor when bound to FKBPs, is already used to treat episodes of acute 

exacerbations in IPF patients but with little efficacy according to a retrospective study145. 

The effect of Tacrolimus at reducing collagen synthesis was comparable to that of 1µM 

Nintedanib. Therefore, we see potential in developing novel therapeutic approaches to 

modify and repurpose current drugs146, as well as enhance the efficacy of current 

antifibrotics by targeted-delivery.   

 Since the FDA-approved Pirfenidone for the treatment of IPF in 2015, researches 

have been encapsulating the drug into nanocarriers147–149 to optimize its delivery into the 

lungs through aerosolization or transdermal injection. We aimed to improve nanoparticle 

trafficking towards IPF fibroblasts using our observations of the mitochondrial 

dysfunction associated with the apoptotic-resistant fibroblast phenotype. In chapter 2, we 

highlighted the hyperpolarized mitochondrial membrane in IPF fibroblasts. Taking 

advantage of this negative charge, we successfully conjugated TPP to a liposome (Table 

8; Figure 48) that would hone the particle to the IPF mitochondria. We demonstrated the 

resultant increase in cargo delivered (90%) into the cells exposed to STPP-liposomes 

(Figure 50) and this methodology enhanced Nintedanib’s antifibrotic properties when 

encapsulated as compared to free-drug (Figure 51). Mechanism of liposomal uptake by 
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the cells is predicted to be macropinocytosis-dependent, since it was recently revealed 

that collagen-rich extracellular matrix increases uptake of positively-charged polymer-

based nanoparticles in human lung fibroblasts specifically150. Upon characterization of 

the liposomes (Table 8), their stability and size makes these nanoparticles compatible for 

nebulization, which may function as an additional layer of targeted of delivery. 

Additionally, to bypass some of the drug metabolism challenges associated with oral 

delivery of some of the currently prescribed antifibrotics, encapsulation of medications 

allows for delivery in a variety of ways—orally, inhalation, absorption through the skin, 

or intravenous injection. Each method has advantages and disadvantages, and not all 

methods can be used for every medication. The obvious limitation of delivering 

Nintedanib through an IV is the invasiveness of the method, the dependency on a care-

professional to administer it, and the material costs associated with disposables for the 

infusion. Inhalation has the advantage of localized pulmonary delivery of the drug, which 

usually means smaller doses can be used. However the efficacy is variable and limited by 

the deposition of the particles in the upper airways and oropharyngeal region151. 

Therefore, particles should be as close to monodispersity in the size range of 0.5-5µm152 - 

to be least affected by the turbulent air flow in the upper respiratory tract - in order to 

reach the terminal bronchioles and alveolar region. Although the liposomes were 

polydispersed (Table 8), repeated stepwise ultracentrifugation should narrow the range of 

collected small-unilamellar vesicles and yield a monodispersed size population.  

Additionally, the lack of coordination between device activation and patient inhalation 

has been compensated for in breath-activated inhalers151. Nebulizers generate larger 
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droplets (1-5µm) and do not require patient coordinated inhalation. Several options exist 

for the type of nebulizer (jet, ultrasonic, and vibrating mesh), that use different forces to 

generate aerosolized drug from the liquid drug153. Given that our liposomes are of 

acceptable size range and composition for compatibility with eFlow®rapid Nebuliser 

System154, the STPP-conjugated nanoparticle for targeted-delivery in IPF treatment is 

translationally promising.  

 Further consideration into optimizing the liposomes should be explored before in 

vivo testing. The encapsulation efficiency and release rate could be improved through 

adjustment of lyophilization method. Individual lipid components can also be customized 

based on a variety of factor such as transition temperature to suit desired release-

profiles134 in vivo. Altogether, our data has demonstrated a working, crude nanoparticle 

that contributes to the therapeutic strategies and has excellent potential for treatment of 

IPF in combination with new and existing drugs.  
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CHAPTER 5: CONCLUSIONS 

We hypothesized that senescent cells are dependent on anti-apoptotic pathways to 

ensure their survival following stress and damage. In this study, we have discussed 

accumulating evidence which indicates an adaptive response in IPF fibroblasts to chronic 

ER stress. If the stress is prolonged, terminal UPR results in a different maladaptive 

response that supports fibrotic progression. Some factors that we already discussed - such 

as impaired proteostasis in aging cells due to decreased chaperones and mitochondrial 

dysfunction releasing reactive oxygen species – these factors in IPF do not resolve and 

are persistent in the cells.  Recognition of the importance of ER stress in IPF 

pathogenesis is mainly considered in the context of alveolar epithelial damage which 

prevents re-epithelization during fibrosis. Therefore, the effects of ER stress in this 

population of cells have been widely studied. However, the epithelial cells are not the 

only cell type that experience ER stress in the IPF lung. Fibroblasts also undergo ER 

stress in the IPF lung, but few groups have published data on how these cells respond to 

ER stress. Our work accomplished valuable contributions to the field of IPF pathology 

through addressing the knowledge gap of ER stress responses in apoptosis-resistant IPF 

fibroblasts and provided novel targets for disease intervention.  

1) The increased resistance observed in IPF fibroblasts may be a result of an 

underlying physiological difference such as altered mitochondria or endoplasmic 
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reticulum that confers a change from the normal apoptotic route of regulated, healthy 

fibroblast. We described the antiapoptotic response of IPF fibroblasts and how these cells 

behave differently from normal fibroblasts under ER stress. Modulation of mitochondrial 

fission/fusion balance during ER stress is dynamic and intricate. We observed increased 

mitochondrial fusion in IPF fibroblasts; and this hyperactivity allowing mitochondria to 

maintain membrane potential could be a targetable feature of the IPF fibroblast since 

mitochondrial function was clinically relevant in predicting patient prognosis.  

2) BI-1 was identified as a molecular target located on the mitochondria and ER 

with the potential to sensitize the IPF fibroblast to ER-stress induced apoptosis. Our data 

suggests that BI-1 contributes to the apoptotic-resistance phenotype of IPF fibroblasts 

through suppressing IREalpha signaling, to an extent that remains sufficient to effect 

changes in the UPR adaptive program but not to execute apoptosis. By knockdown of BI-

1, we show that its role in IPF fibroblasts is important for integration of stress signaling. 

 Initial exposure to ER stress will produce full activation of all three stress 

sensors, which will initiate both adaptive and apoptotic signals. But cells adapt to chronic 

stress through either inactivation or attenuation of the UPR. Such as in IPF fibroblasts, 

the delayed response of IRE1 via overexpression of BI-1 modulates levels of sXBP1. A 

central paradox of the UPR, and indeed of all such stress pathways, is that the response is 

designed to facilitate both adaptation to stress and apoptosis, depending upon the nature 

and severity of the stressor. An intermediate level of XBP1 splicing results in increased 

survival to Tunicamycin stress challenge, suggesting that hormetic levels of sXBP1 is 

protective for the cell in priming it for secondary insults to the ER83.  
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However, BI‐1 not only plays a critical role in the regulation of cell survival but 

the protein is also important for myofibroblast differentiation as some other studies have 

previously demonstrated55. BI-1 is overexpressed in many cancer types and enhances 

cancer metastases by acting as a docking site to polymerize globular (G-actin) into 

filamentous (F-actin). When overexpressed in mammalian cells, BI‐1 suppressed 

apoptosis. Previous studies have shown that BI‐1 was overexpressed in several human 

malignant tumours, such as prostate, breast and brain cancers113.  BI-1 overexpression is 

typical in cells that experience chronic ER burden113. Because even the normal 

maintenance of cells whose primary functions include the production and secretion of 

proteins, such as immune cells, endocrine and paracrine cells, and hepatocytes, demand a 

mechanism whereby ER stress can be persistently tolerated on a time-scale ranging from 

days to years.  In these contexts, even if cell death occurs to a small extent, the majority 

of cells must ultimately survive and adapt to the stressful stimulus.   

As a specialized organelle of protein folding and secretion, the ER plays a central 

role in maintaining and balancing protein homeostasis in the physiology of secretory cells 

and pathology. We know that IPF fibroblasts produce an abundance of collagen and 

propagate in the stressful IPF lung environment. Interestingly, our data shows a 

correlation between collagen production and XBP splicing. When the collagen demand of 

fibroblasts was altered, either by stimulating its production with TGF-beta pre-treatment 

or downregulating it with a small molecule BAY-412272 for 24h prior to tunicamycin 

challenge, a change in sXBP levels affected cell survival. Decreasing collagen expression 

decreased cell survival. 
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3) Collagen production demands induces ER burden, and we observed its 

correlative but not causative effects on cell survival through increased collagen 

chaperone protein – FKBP10. Promoting senescent cell clearance and modulating 

collagen synthesis may help break the feedforward loop of fibroblast activation. A 

combinatorial medication regimen which both targets apoptotic-resistant fibroblasts while 

synergistically improving the efficacy of currently available anti-fibrotic drugs is an 

improved, multi-pronged approach to treating this complex disease.  

Existing FDA-approved therapies for IPF are not yet IPF fibroblasts specific and 

although further characterization and optimization is needed, our preliminary results 

show the potential of functionalizing a drug carrier to enhance selective delivery and in 

this study – investigated the possible pathways that could be targeted.  

Further investigation would be necessary to better understand the molecular 

mechanisms and explore them in an in vivo model. We propose using a xenograft mouse 

model with primary human lung fibroblasts injected through the tail-vein to induce lung 

fibrosis. Other groups have observed that only fibroblasts from IPF patients will cause 

fibrosis, while fibroblasts from normal controls do not. It would be interesting to 

investigate if the overexpression of BI-1 is sufficient to confer fibrotic properties to non-

IPF fibroblasts and if a self-limited bleomycin-induced mouse model of lung fibrosis can 

be converted to a model of persistent fibrosis in an BI-1-dependent manner – by injecting 

BI-1 positive and BI-1 negative fibroblasts after fibrotic remodeling from bleomycin has 

occurred and collecting tissue after the period which the bleo model of lung fibrosis 
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would have resolved. The xenograft model has potential for drug validation studies that 

are reflective of the disease IPF fibroblast.  

In conclusion from the data shown, I surmise that senescent-associated changes 

allow for adaptive mechanisms which confer apoptotic resistance, thereby promoting the 

accumulation of fibroblasts and the development of fibrosis. Targeting mechanisms 

involved in the clearance of senescent cells and elucidating non-classical functions of 

chaperone proteins involved in apoptosis regulation that are present in the ER and 

mitochondria of fibroblasts of the ageing lung could be an efficacious intervention in IPF. 
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APPENDIX   

Table A- 1 Lung Donor Demographics 

 
 

 

 

 

 

 

Figure A- 1 

mRNA expression of glycolytic enzymes after 72h of 1mg/ml Glucose treatment. IPF fibroblasts (IPF-F; n=3) and 

Normal fibroblasts (NHLF; n=3) treated with 4.5mg/ml glucose as the control.  
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Figure A- 2 

Q-PCR analysis of FKBP38 gene expression levels in normal and IPF fibroblasts.  

 

 

 

 

 

 

Figure A- 3 BAY412272 chemical structure 
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Figure A- 4 Parent fragment of Nintedanib by LCMS 

 

 

 

 

 
Figure A- 5 Daughter fragments of Nintedanib by LCMS-MS 
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Figure A- 6 Cytotoxicity of STPP cation  

 

 

 

 

 

 
Figure A- 7 BIP gene expression 
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Figure A- 8 XBP1 total protein in normal and IPF lung tissue sections 

 

 

 

 

 
 
Figure A- 9 FKBP10 and BI-1 protein in normal and IPF lung tissue sections 
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Figure A- 10 Mitochondrial protein fractions probed for fission and fusion protein 
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