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Abstract of Dissertation 

Regenerative Asynchrony as a Driver in Airway Remodeling 

Asthma is a heterogeneous lung syndrome that has traditionally been 

characterized as a disease of chronic inflammation. In addition to inflammation, 

structural changes in the airway, also known as remodeling, is a key feature of 

asthma. Remodeling includes thickening of the basement membrane, mucus 

hypersecretion, smooth muscle proliferation and fibrosis. These collectively are not 

reversible and contribute to a decline in lung function. The current paradigm 

indicates that inflammation leads to remodeling in asthma. Glucocorticoids have 

been a mainstay in the treatment of asthma because they reduce airway 

inflammation. According to the current paradigm, reduction of inflammation should 

reduce airway remodeling and lung function decline; however, glucocorticoids 

have not been efficacious in preventing downstream airway remodeling. This 

necessitates a paradigm shift, wherein inflammation is not the primary inducer of 

remodeling.  

 The airway epithelium plays a central role in asthma pathogenesis because 

it is the first defense against external insults. Timely repair and injury resolution 

after epithelial insult is important for maintaining and restoring homeostasis. 

Epithelial regeneration normally occurs in response to incidental injury, then the 

injury resolves – the wound closes, progenitors differentiate and cytokines 

associated with repair return to baseline. A key feature of asthmatic epithelium is 

repeated airway injury that does not fully resolve – wound closure is slow, the 
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asthmatic epithelium is less differentiated and cytokine production in response to 

injury is increased and sustained. During repeat injury resolution may fail, in part, 

because neighboring cells are receiving inappropriate temporal regeneration 

signals from each other. These inappropriate cues are termed regenerative 

asynchrony. Temporally appropriate signals during regeneration are termed 

regenerative synchrony.  

Mitotic behaviors play a significant role in how regeneration is carried out. 

In non-asthmatic epithelium, regeneration after injury is mitotically synchronous. 

The majority of the airway cells contributing to injury repair are in the same phase 

of the cell cycle. Asthmatic airway epithelial cells exhibit mitotic asynchrony, a 

specific type of regenerative asynchrony, wherein the cells are more evenly 

distributed in the cell cycle. This asynchrony leads to the production of TGF-β1, a 

key mediator of fibroproliferation in asthma.  We proposed that regenerative 

asynchrony, specifically mitotic asynchrony, in repairing tissue may underlie 

chronic inflammation and fibrosis, where immune cell infiltration is secondary to 

pro-inflammatory cross-talk among asynchronously repairing adjacent tissues.  

Cumulative analysis shows mitotic synchrony is the homeostatic state in 

airway epithelial progenitor populations. Poorly-synchronized mitosis (as in 

asthma) induces TGF-β1 secretion and a pro-inflammatory/pro-fibrotic airway. 

These findings establish a rationale for targeting progenitor cell mitotic behavior 

rather than immune-mediated inflammation in fibrotic disease. 
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Chapter 1: Background and Specific Aims 

1.1: Clinical Manifestation of Asthma 

 Asthma is a heterogeneous lung disease characterized clinically by 

bronchoconstriction, inflammation of the airways and decreased lung function 

over time1. During exacerbations, symptoms include chest tightness, 

breathlessness, wheezing and coughing occurring most frequently at night or in 

the early morning2. Pathological markers of asthma include thickening of the 

submucosal basement membranes and airway remodeling, mucus 

hypersecretion and an alteration in inflammatory profile toward a TH2 response 

with eosinophilia1,3.  

 The Global Initiative for Asthma (GINA) estimates that 300 million people 

worldwide live with asthma creating a significant burden for health care systems. 

GINA estimates that by 2025, the total population with asthma will exceed 400 

million4. Asthma is more prevalent in urban areas, and in some counties 

prevalence is up to 50 fold higher than in rural areas5. This is increasingly 

concerning as more people move to urban areas. According to the National 

Asthma Control Program, the incidence of asthma grew by 15% in the last 

decade in the United States. This creates a significant burden on the healthcare 

system, with 1.9 million Emergency Department visits and 479,300 

hospitalizations for asthma exacerbations per year5.  It is also a significant 

economic burden, accounting for 10.5 million missed days of school, 14.2 million 

missed days of work and $56 billion in asthma care related expenses annually6,7. 
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 Asthma is a syndrome that encompasses many phenotypes8. These 

phenotypes are based on observable characteristics such as physiology, 

triggers, and inflammatory parameters, such as eosinophilia9. They can be 

categorized as early (childhood) or late (adult) onset, be TH2 or non-TH2 

mediated and can be further broken down by biomarker involvement10. 

Comorbidities, such as obesity, can be further modifiers of these phenotypes11. 

As a result, it has been suggested that the umbrella diagnosis of asthma be 

broken down into endotypes with distinct biological mechanisms of disease9.    

 Endotypes refer to a classification system of asthmatic phenotypes with 

distinct pathobiological disease processes9. Several endotypes of asthma have 

been identified; however, exact mechanism of disease and biomarkers for each 

endotype are not fully defined12. For example, early onset allergic asthma is  an 

endotype where IgE and TH2 inflammation predominate10. Periostin and 

fractional exhaled nitric oxide have been suggested as biomarkers, but the 

specificity of these biomarkers remains to be examined13-15. Adult onset 

eosinophilic asthma is another endotype10. It is characterized by high levels of 

eosinophils in the sputum and lungs and generally has poorer response to 

corticosteroid treatment10. Other endotypes of asthma exist, but are less defined 

in disease mechanism16,17. Identification of endotypes in asthma is important for 

the breakdown of heterogeneity within the disease and to give insight into more 

effective treatments based on underlying disease processes.  
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1.2: Glucocorticoids   

Inhaled and oral glucocorticoids are the mainstay of asthma treatment 

because they reduce airway inflammation18,19. In addition to inflammation 

reduction, mammary and lung epithelia treated with glucocorticoids have been 

shown to increase tight junction formation, which may enhance barrier function20. 

Long term use of glucocorticoids can cause unwanted side effects such as: 

hyperglycemia, decreased bone density, adipose redistribution, Cushing 

syndrome and adrenal suppression21.  Overall, glucocorticoids work well for 

treating inflammation, but have many adverse side effects and have little to no 

effect on fibrotic disease progression22.  

Current asthma paradigms indicate that minimizing inflammation should 

decrease downstream remodeling and fibrosis that lead to lung function decline 

over time23. However, even with effective anti-inflammation treatment through the 

use of glucocorticoids, there is a progressive decline in lung function and 

structural changes to the airway24,25. Although increased eosinophilia has been 

correlated with airway hyper-responsiveness and severity, reduction of eosinophil 

activity by up to 90% through the use of recombinant human IL-12 or anti-IL-5 

monoclonal antibody did not show efficacy or alter airway hyper-responsiveness 

over the course of 16 weeks26-28. Airway structural changes have been observed 

in the absence of inflammation and basement membrane thickening has been 

seen in children up to 4 years before clinical symptoms of asthma were 

observed29-31. Additionally, use of glucocorticoids does not address the full 

spectrum of pathogenesis in asthma. These studies indicate that inflammation is 
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not the primary driver of airway remodeling. As discussed below, the primary 

events involved in asthma pathogenesis are pro-fibrotic cross-talk and intrinsic 

cell differences, while inflammation is a secondary process. 

1.3: The Airway Epithelium 

 The airway epithelium provides a crucial barrier function from insults and 

allows for regulation of interaction with the external environment. The proximal 

airway epithelium is pseudostratified and contains ciliated cells and mucus 

secreting goblet cells that are polarized apically and basolaterally, as well as 

basal cells32. Tight junctions help provide apical polarity, allow for cell-cell 

communication and hold cells together through interactions of occludins, 

claudins, and adhesion proteins – β-catenin, E-cadherin, and JAM33. Epithelial 

cells are responsive to composition changes of the basement membrane and the 

extracellular matrix (ECM)3,34. This responsiveness and their ability to regulate 

interactions with the outside environment provide a basis for epithelial 

involvement in subepithelial fibrosis.  

 Cell-cell interactions through tight junctions and anchoring to the 

basement membrane are critical for epithelial integrity and barrier function. 

However, asthmatic airway epithelium is intrinsically different, structurally and 

functionally, from non-asthmatic epithelium. Asthmatic epithelia show tight 

junction disruption in vitro and in vivo, through decreased levels of E-cadherin 

and ß-catenin, leading to impaired barrier function35,36. Trans-epithelial resistance 

measurements in differentiated asthmatic cultures are reduced, indicative of a 

“leaky” epithelium36. Epithelial shedding is a common pathological feature seen in 
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asthmatic deaths34. Upon injury, the cytokine profiles and response to injury are 

drastically different between asthmatics and non-asthmatics37,38.  

1.4: Epithelial Injury 

Injury to airway epithelium in humans can be caused by a variety of 

environmental and infectious insults and is particularly pronounced in certain 

disease states, such as asthma and COPD39-41. Normal repair to injured 

epithelium involves spreading of cells at the wound edge to temporarily cover the 

injured area, migration of progenitor cells, proliferation, remodeling and 

differentiation42. Quick regeneration and return to homeostasis is important to 

maintain barrier function and this repair can occur in as little as 5 days1,43. Upon 

injury, a provisional matrix is laid by fibroblasts and basal progenitor cells move 

to cover the wound. Cells proliferate and through interaction with the basement 

membrane and extracellular matrix remodel the wound area44,45. The epithelium 

normally produces many factors, including TGF-β1, in response to injury42. These 

factors mediate the remodeling process, which ultimately results in degradation 

of the provisional ECM and apoptosis of the fibroblasts contributing to repair42,46. 

Finally after the normal repair process, cytokine levels return to baseline, cells 

differentiate and barrier function is restored. 

Basal epithelial cells act as the proximal airway progenitors and are the 

facultative contributors to epithelial repair after injury with the ability to 

differentiate into ciliated and mucus secreting cells47-50. Basal  cells make up 

roughly 30% of the conducting airway epithelium and play an important role in 

anchoring to the basement membrane51. Upon injury, basal cells make up 80% of 
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the mitotic pool contributing to re-epithelialization52. Dysfunction in the progenitor 

cell niche may contribute to disease states of chronic injury, such as asthma and 

COPD53,54.  

The proliferative kinetics of airway re-epithelialization following injury are 

known to be important to restoration of lung homeostasis after injury44,45,47,55-58. 

Compared to other epithelia in the human body, airway epithelium is considered 

to be at a steady-state and is relatively quiescent, with a normal proliferative 

index of 0.2-1%, unless injured43,51. Non-asthmatic airway turnover is between 50 

and 100 days with many cells having a half-life of 6 months or longer53,59. 

Proliferation in asthma, through Ki67+ measurement, is markedly decreased and 

there is increased nuclear translocation of p21, an inhibitor of G1 progression36.  

It has been suggested that asthma and the underlying remodeling are 

caused, in part, by a chronic injury/repair process3,37,42,44,60. Asthmatic epithelium 

is more susceptible than non-asthmatic epithelium to oxidative damage and an 

increase in apoptosis when this damage occurs61. This increase in apoptosis 

would necessitate an effective repair process to restore epithelial integrity.  

Contrary to this, expression of repair associated genes is reduced in injured 

asthmatic epithelium and wound closure is impaired, preventing resolution of the 

injury37,62. Additionally, asthmatic epithelium is overall less differentiated than 

non-asthmatic epithelium, indicating an unresolved injury process55. 

During repeat epithelial injury in asthma, resolution may fail, in part, 

because neighboring cells are receiving inappropriate temporal regeneration 
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signals from each other18. These inappropriate cues are termed regenerative 

asynchrony. Temporally appropriate signals during regeneration are termed 

regenerative synchrony. Mitotic asynchrony, a specific type of regenerative 

asynchrony, refers to a repairing cell population with an even distribution of cells 

across the phases of the cell cycle. 

The cell cycle consists of several phases: gap1 (G1), synthesis (S), gap2 

(G2) and mitosis (M) for the purpose of cellular proliferation. Much of the cell 

cycle is dependent on accumulation and phosphorylation of cyclin and cyclin 

dependent kinases (cdks)63. Cells can enter the cell cycle after quiescence at G1. 

During the early part of G1, cyclin D begins to accumulate in the cytoplasm where 

it binds with cdk 4,6. This complex translocates to the nucleus where it begins to 

hyperphosphorylate Retinoblastoma (Rb) protein64. During late G1, after the 

restriction point where Rb has been hyperphosphorylated, cyclin E begins to 

accumulate and bind with cdk2 and continues to hyperphosphorylate Rb. Rb is 

then released from E2F, a promoter of S phase gene transcription, and cell 

enters S phase64. In S phase, DNA begins to duplicate in preparation for mitosis. 

Cyclin A accumulates and binds with cdk 1,2 allowing progression into G2. G2 

acts as the final DNA checkpoint before entry into mitosis. Cyclin A accumulates 

and binds with cdk 1,265. When a cytoplasmic threshold is reach, the cell enters 

mitosis and divides. Figure 1.4.1 depicts the cell cycle process. TGF-β1, 

dexamethasone, simvastatin and aphidicolin all reversibly inhibit G1/S 

progression and will be discussed in greater detail in later.  
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Although repair is dominated by the cell cycle, mitotic behaviors are 

understudied relative to proliferative kinetics, even though they are likely 

essential contributors to lung homeostasis and regeneration in response to injury. 

It has been shown that asthmatic airway repair is mitotically asynchronous and 

inflammatory even in the absence of immune cells37. Non-asthmatic cells exhibit 

mitotic synchrony as a majority (at least 60%) of the cells contributing to repair 

reside in the same phase of the cells cycle. Asthmatics undergo regeneration in a 

mitotically asynchronous manner (Figure 1.4.2A) and this has been correlated 

with significantly higher levels of TGF-β1 secretion (Figure 1.4.2B). This 

comparison of synchrony can be seen in Figure 1.4.2.  Regenerative asynchrony 

with TGF-β1 production has also been shown to modulate fibrosis in Duchenne 

Muscular Dystrophy, indicating that regenerative asynchrony may modulate 

several fibrotic disease processes66.  
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Figure 1.4.1: The Cell Cycle. The cell cycle consists of 4 phases: G1, S, G2 and 

M. Progression through these phases is largely regulated through increasing 

concentration of cytoplasmic cyclins and phosphorylation of cyclin dependent 

kinases (cdks). Inhibitors of the cell cycle relevant to this dissertation have also 

been included in this depiction. Adapted from Schafer Vet Pathol 199863. 
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Figure 1.4.2: Asthmatic epithelium is intrinsically asynchronous and 

inflammatory. (A) Average mitotic synchrony/asynchrony in in vitro airway 

epithelia at air-liquid interface with at least 60% of proliferating cells in a single 

phase of the cell cycle representing synchrony. Non-asthmatic airway epithelial 

cells exhibit synchrony with G1 [mean±SEM], S, G2/M: 71±1, 12±2, 17±2% and 

asthmatics are asynchronous with G1 [mean±SEM], S, G2/M: 53±5, 21±3, 26±4% 

(B) Basolateral cytokine secretion in non-asthmatic and asthmatic at indicated 

time before and following wounding. Adapted from Freishtat RJ et al. Am J 

Respir Cell Mol Biol 201167.  
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1.5: Airway Remodeling and Epithelial-Mesenchymal Transition 

1.5.1: Airway Remodeling 

Timely resolution of injury and an acute inflammatory response with 

remodeling are necessary for homeostasis. Unresolved injury and 

associated inflammation leads to fibrosis and irreversible remodeling. 

Injury/repair associated remodeling has been demonstrated in models of 

liver, kidney and lung fibrosis68. Remodeling in asthma is characterized by 

a thick collagen rich basement membrane and matrix deposition. There is 

an increase in smooth muscle, fibroproliferation and differentiation of 

fibroblasts to myofibroblasts, along with goblet cell hyperplasia3. 

Thickness of the basement membrane has been shown to correlate with 

asthma severity56. However, membrane thickness alone is not problematic 

until the increased smooth muscle becomes hyperresponsive and 

contracts, restricting the airway3.  

The ability for the airway to repair after injury has been shown to 

dynamically mediate ECM deposition and remodeling57. Tenascin, a non-

specific protein associated with injury and repair, collagen altering MMPs, 

elastin and fibrinogen are upregulated during times associated with 

clinically worse symptoms  (i.e. pollen season)69. This leads directly to 

increases in the basement membrane thickness and an increase in 

smooth muscle69. Taken together, these indicate that there is an active 

role of epithelial injury in airway remodeling.  
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1.5.2: Epithelial-Mesenchymal Transition 

EMT occurs when epithelial cells lose their epithelial phenotype and 

adopt a more mesenchymal-like phenotype. EMT occurs normally during 

fetal development and allows epithelia to develop into mesoderm during 

gastrulation70. EMT allows for the formation of the neural crest, heart, 

peripheral nervous system, and craniofacial structures. In the lung, this 

would suggest a de-differentiation of epithelial cells and the adoption of a 

myofibroblast phenotype44. During EMT, the transcription factor SNAIL1 

causes epithelial cells to drastically decrease E-cadherin and occludins 

expression resulting in poorly formed tight junctions and loss of cell 

contact32,71. Epithelial cells also lose their apical/basal polarity and have 

the ability to adopt a more migratory phenotype. Transdifferentiating 

epithelial cells also express vimentin, fibronectin and α-smooth muscle 

actin (α-SMA), markers of mesenchymal cells. Loss of E-cadherin 

expression alone is not sufficient to induce EMT and expression of E-

cadherin and occludins in mesenchymal cells does not fully restore cells to 

an epithelial phenotype72. Loss of E-cadherin in asthmatic airway epithelial 

cells is not sufficient to conclude that EMT is occurring.  

After development, EMT is involved in effective wound repair; 

however, aberrant EMT is an established feature in fibrotic models, such 

as kidney, liver, and cancer73. In kidney and liver EMT, up to 36% of the 

myofibroblasts contributing to fibrosis were reprogrammed epithelial 

cells71. Retinal pigment epithelia injury has been shown to lead to EMT 
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and fibrosis74. TGF-ß has been closely associated with induction of EMT 

and fibrosis in these models.  

While EMT is established in models of renal and liver fibrosis, it is 

more controversial in lung disease. Alveolar type II cells have been shown 

to undergo EMT during pulmonary idiopathic fibrosis, but less is known 

about EMT in the proximal airways75. Asthmatic epithelial cells in vitro at 

ALI treated with TGF-β1 undergo EMT in a SMAD3 dependent manner, 

but this was not recapitulated in vivo76. When non-asthmatic cells were 

treated with TGF-β, EMT occurred primarily in basal cells; however, in 

treated asthmatic epithelial cells multiple cell types expressed markers of 

EMT76. While these studies suggest that some level of EMT, such as loss 

of epithelial markers, is occurring in asthma through TGF-β activity, no 

studies have demonstrated a full reprogramming of epithelial cells to 

myofibroblasts in vivo. 

1.6: TGF-β  

 TGF-β is a growth factor that has both an immune regulatory and a tissue 

repair component and when dysregulated, is a key modulator of fibrotic 

remodeling. Expression can be found in a wide variety of tissues including: lung, 

liver, gut, bone, eye, skin, muscle and ear77. It has 3 isoforms (TGF-β1-3) that 

are involved in many cell processes such as proliferation, cell survival, laying of 

ECM, recruitment of immune cells and downstream inflammatory responses78. It 

is also responsible for differentiation of several cell types, including epithelium 

and myofibroblasts70,79,80. While levels of TGF-β2 and 3 have been reported in 
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asthma and wound healing, TGF-β1 predominates and is at a significantly higher 

and sustained concentration in asthmatics than non-asthmatics after injury37,81. It 

is important to note that TGF-β1 levels are similar in uninjured non-asthmatic and 

asthmatic airways82. 

 TGF-β1 is secreted from cells in a latent form bound to latent accessory 

protein (LAP). TGF-β is cleaved from LAP by αvβ6 integrins that are upregulated 

on injured epithelia83. Activated TGF-β binding results in dimerization of TGF-βRI 

and II. TGF-βRII phosphorylates TFG-βRI and in turn TGF-βRI phosphorylates 

SMAD2/3, which is facilitated by the accessory protein SARA. These phospho-

SMADs couple to SMAD4, translocate to the nucleus and regulate transcription 

of several gene targets (Figure 1.6.1)84. Absence of extracellular TGF-β ligands 

leads to receptor internalization and degradation.  

 The TGF-β pathway is important for regulation of inflammation and 

development. TGF-β1 knockout mice die shortly after birth from diffuse and 

severe inflammation. SMAD 2 knockout mice die in utero, as it is important for 

anterior-posterior body plan development in embryogenesis77. SMAD3 does not 

appear to be necessary for development as knockout mice live and are fertile; 

however, they exhibit impaired alveolarization and emphysema later in life85.  

TGF-β1 can direct the proliferation, differentiation and survival of T cells and with 

other inflammatory cytokines direct Treg or Th17 responses.  

 TGF-β1 inhibits the proliferation of epithelial cells through transactivation 

of cyclin dependent kinases p15, p21 and p27. In neuronal progenitor cells, TGF-
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β1 has been shown to prevent cell cycle progression. Prevention of progression 

is followed by enhanced neurogenesis after TGF-β levels returned to baseline86. 

Blocking phospho-SMAD3 made cells resistant to the anti-proliferative effects of 

TGF-β78,87.  

 Under normal conditions, TGF-β is an important component for re-

epithelization and wound healing88,89. Although it has anti-proliferative effects, 

TGF-β contributes to the regeneration process early on by promoting basal cell 

migration to the injured area90. In the retina, TGF-β1 has been shown to enhance 

healing of holes of the pigmented epithelium; however, trans-differentiation of 

epithelial cells into myofibroblasts necessitates additional factors68,70. These data 

suggest that TGF-β plays an important regulatory role in proliferation and wound 

repair.  

Dysregulation of TGF-β1 is associated with well-established models of 

renal, liver and lung fibrosis and is involved in the morphological events of 

remodeling and EMT. TGF-β1 induces the expression of transcription factors 

associated with EMT, such as SNAIL1, through SMAD3 activation71. SMADS 

activated through the TGF-β pathway directly activate mesenchymal genes 

including those that code for vimentin, fibronectin and collagen91. TGF-β 

neutralizing antibodies prevent ECM deposition in models of renal disease and 

lung fibrosis92,93. In asthma, blocking TGF-β1 prevented EMT markers in 

epithelial cells76. Additionally, mice overexpressing TGF-β develop 

glomerulosclerosis and liver fibrosis. Sustained levels of TGF-β downregulate 

MMPs that breakdown excess matrix after wound regeneration68. This indicates 
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that TGF-β could have a direct role in downstream fibrosis and remodeling in 

asthma and that sustained levels of TGF-β could prevent injury resolution.   
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Figure 1.6.1: TGF-β Pathway. Latent TGF-β is bound to latent accessory 

proteins (LAP) that sterically hinder interaction of TGF-β with the TGF-β receptor. 

TGF-β is cleaved from LAP via oxidative stress, acidification, or in the case of 

epithelial injury, upregulation of αvβ6. Activated TGF-β binding results in 

dimerization of TGF-βRI and II. TGF-βRII phosphorylates TFG-βRI. In turn, TGF-

βRI phosphorylates SMAD2/3, which is facilitated by the accessory protein 

SARA. These phospho-SMADs couple to SMAD4, translocate to the nucleus and 

regulate transcription of several gene targets.  
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1.7: Circadian Influences in Asthma 

The human circadian rhythm is an approximately 24-hour light/dark timing 

cycle within the body that controls many processes, including mitosis, organ 

repair and function94,95. It has been established that the central oscillator of 

circadian processes in mammals is the suprachiasmatic nucleus (SCN), 

entrained by daily light/dark cycles96. Peripheral clocks also exist in many tissues 

including heart, liver, kidney and muscle and locally regulate the circadian 

rhythm97. In the distal airways club cells, also known as bronchiolar exocrine 

cells, have been implicated in locally controlling circadian rhythm through 

expression of molecular clock genes and ablation of these cells leads to 

disrupted circadian rhythmicity98. No such local niche of cell oscillators has been 

found in the proximal airway thus far.  

Non-asthmatics exhibit a slight diurnal fluctuation in lung function and 

asthmatics show time of day variation in severity of symptoms and lung function, 

with worse symptoms occurring at night95,99. Decreased FEV1 in asthmatics is 

coincident with a trough in circadian cortisol, an endogenous glucocorticoid, 

during biological sleep95. Immune infiltration in asthma has also been shown to 

be significantly greater at 4am (coinciding with decreased cortisol) than at 4pm 

and this coincides with worse symptoms100. The dosage of methacholine and 

histamine needed to illicit an asthmatic response can as much as double 

depending on the time of day the challenge is administered101. Mitotic indices, 

proliferation and DNA synthesis also exhibit day/night fluctuations related to 

peripheral oscillations in circadian genes94. 
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BMAL1 and CLOCK are the major peripheral oscillators that act via 

dimerization and nuclear translocation where they increase transcription of the 

cryptochrome and period genes by binding to the E box promoter regions in 

target genes (Figure 1.7.1)102. In the absence of BMAL1 (i.e. BMAL1 knockout 

mice), experimentally reduced arterial blood flow simulating atherosclerotic 

disease resulted in vascular remodeling with a thicker vessel wall and increased 

collagen deposition compared to wild type103. Additionally, femoral artery injury in 

mice deficient in CLOCK or BMAL1 led to fibrotic wound healing and vascular 

wall thickening compared to wild type103. CLOCK mutant and BMAL1 knockout 

mice are characterized by smaller pancreatic islets due to decreased cell 

proliferation104.  Perturbation of these central and peripheral circadian oscillators 

has been shown to lead to pro-fibrotic wound healing phenotypes and altered 

stem cell proliferation characteristics67,94. 

TGF-β receptors are expressed in the SCN, indicating some involvement 

of TGF-β in circadian rhythm; however the exact role TGF-β plays remains to be 

investigated105. In mesenchymal stem cells SMAD 3 promoter, which is TGF-β 

receptor regulated, contains a BMAL:CLOCK responsive E-box promoter and 

displays circadian rhythm106. TGF-β has also been implicated in resetting 

peripheral clocks of the kidney and liver through SMAD3 dependent 

transactivation Dec1, which in turn upregulates Cry1107. Additionally, in lung 

epithelial and fibroblast cells, TGF-β is shown to promote transduction of BMAL, 

indicating a relationship between circadian rhythm, TGF-β and 

fibrosis/remodeling108.      
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Endogenous or synthetic glucocorticoids entrain the molecular clock 

components in the peripheral cells of many organ systems109. The molecular 

clock within the lung is highly sensitive to glucocorticoids and glucocorticoid 

receptor expression itself follows a circadian expression99,109,110. In steroid 

insensitive patients, affinity of glucocorticoids for the glucocorticoid receptor also 

displays a circadian pattern, with reduced binding at night100. Sustained 

prednisone treatment also alters peripheral oscillators and CLOCK gene 

expression111. 

 In airway epithelium, the homeostatic state is characterized by peaks and 

troughs in central circadian cortisol rhythms which synchronize peripheral 

(organ/tissue-level) oscillators, and in turn synchronize mitosis within organ 

systems112. Asthmatic airway epithelium, where mitosis is asynchronous, run 

counter to this homeostatic state. Current dosing of glucocorticoids in asthma 

lead to sustained levels, potentially altering the circadian rhythm of regeneration 

and mitosis in the peripheral cells rather than following the circadian peak and 

trough seen in non-asthmatic individuals.    
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Figure 1.7.1: Central Oscillator Loop of Circadian Rhythm. The core loop of 

the circadian clock is controlled by oscillations of BMAL:CLOCK transcriptional 

activators and PER:CRY transcriptional repressors. BMAL:CLOCK bind to the E-

box promoter region of circadian controlled genes (ccg) to induce transcription. 

BMAL:CLOCK heterodimers also bind to E-box promoter region of Per1/2 and 

Cry1/2 genes to induce transcription. In the cytoplasm, PER binds to and is 

phosphorylated by casein kinase I ε/δ (CKI ε/δ), which promotes nuclear 

translocation and inhibition of BMAL:CLOCK. This auto regulatory feedback loop 

takes ~24 hours to complete. Adapted from Ko et al. Hum Mol Gen 2006113.  

 

 

 

 

 

  

Cytoplasm Nucleus 



22 
 

1.8: Significance and Specific Aims 

Predominant paradigms indicate that inflammation causes airway hyper-

responsiveness and remodeling; however, significant reduction of inflammation 

with the use of glucocorticoids does not alter structural remodeling or the decline 

in lung function.  

Epithelial injury and regeneration predictably play a central role in asthma 

pathogenesis as remodeling appears to be an effect of a dysregulated and 

chronic injury/repair cycle. Mitotic asynchrony has been shown in regenerating 

epithelium and this is coincident with secretion of TGF-β1, an important mediator 

of lung fibroproliferation and matrix deposition 70,76,114. These data are supported 

by work from other laboratories that have reported mitotic behaviors to be 

especially important for maintaining and restoring homeostasis in lung diseases 

with recurrent epithelial injury115,116.  

This dissertation establishes a cause-effect relationship between mitotic 

asynchrony and a pro-inflammatory/pro-fibrotic microenvironment and elucidates 

the role TGF-β1 plays in the maintenance of mitotic synchrony. We propose a 

hypothetical model in which asthmatic inflammation is, at least in part, 

downstream of intrinsic defects in epithelial mitotic behavior(s)67,117. The 

proposed model can be seen in Figure 1.8.1. 
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Figure 1.8.1: Hypothetical model of mitotic asynchrony in asthma. Asthmatic 

airway epithelium sustains an injury that leads to epithelial damage. Unlike non-

asthmatic epithelia, asthmatic epithelia regenerates asynchronously causing 

production of TGF-β1 leading to downstream effects such as matrix deposition, 

fibroproliferation and immune cell recruitment. 
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Aim 1: Define a cause and effect relationship between mitotic asynchrony 

and TGF-β1 secretion.  

Rationale: Previous experiments indicated that mitotic asynchrony was 

coincident with increased cytokine production/basolateral secretion, 

particularly of TGF-β1. 

Hypothesis: Non-asthmatic proliferating basal epithelial cells will produce 

TGF-β1 when placed in a mitotically asynchronous environment with 

respect to the population as a whole.  

A. Design a model for induced mitotic asynchrony in non-asthmatic 

proliferating basal epithelial cells.  

 B. Measure TGF-β1 secretion in the induced mitotic asynchrony 

 model.  

C. Determine if secreted factors influence mitotic asynchrony in 

non-asthmatic wounded epithelial cells.  

D. Determine the natural progression of mitotic  asynchrony using 

the induced asynchrony model. 

Aim 2: Investigate the role of TGF-β1 in maintenance of mitotic 

synchrony.  

Rationale: TGF-β1 has anti-proliferative effects by preventing progression 

through G1. Therefore, TGF- β may play a role in the maintenance of 

mitotic synchrony of the epithelium.  
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Hypothesis: TGF-β1 plays a role in the resynchronization and 

maintenance of synchrony in non-asthmatic epithelial cells.  

A. Determine if contact among asynchronously proliferating, non-

asthmatic basal epithelial cells is necessary for resynchronization.  

B. Determine if the TGF-β plays a role in mitotic resynchronization.  

Aim 3: Utilize mitotic capture to resynchronize regenerating asthmatic 

basal epithelial cells. 

Rationale: Since mitotic asynchrony in asthmatic airway epithelium 

produces significant amounts of TGF-β1, re-synchronizing the cells would 

reduce levels TGF-β1, preventing a prolonged pro-inflammatory and pro-

fibrotic environment.  

Hypothesis: Mitotic capture will synchronize the basal progenitor 

population contributing to wound regeneration and therefore reduce TGF- 

β1.  

A. Utilize mitotic capture to resynchronize asthmatic 

tracheobronchial epithelial cells.  

B. Measure TGF-β1 and other cytokines to determine if levels can 

be reduced by mitotic capture and resynchronization.  
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Chapter 2: Methods 

2.1: Sample Acquisition 

Non-asthmatic and asthmatic human primary bronchial airway (i.e. 

tracheobronchial) epithelia were obtained commercially. Some samples (n=3 

normal, n=3 asthmatic) were acquired as fully-differentiated epithelia on collagen 

IV-coated transwell membrane inserts at an air–liquid interface from MatTek 

Corporation (Ashland, MA). The remaining samples were obtained as epithelial 

basal cells from Lonza Inc. (Walkersville, MD). All donors underwent 

bronchoscopic brushings and lung biopsies to provide epithelial cells. 

Importantly, our cultures did not contain immune cells. The available descriptive 

non-asthmatic donor information is shown in Table 1 and asthmatic donor data is 

shown in Table 2. A list of media components used to culture the cells in the 

various experiments described below is shown in Table 3. 
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Table 1: Non-Asthmatic Donor Data. TSE indicates tobacco smoke exposure. 

Medication is not available for non-asthmatic donors. 

Sex 
Age 

(years) Race TSE 

M 11 C N 

M 13 C N 

M 14 AA N 

M 16 AA N 

F 17 AA N 

M 19 C N 

F 32 C N 

F  33 C N 

M 43 C N 

F 44 C N 

F 19 C N 

F 9 H N 

F 3 AA N 

M 3 AA N 

M 7 H N 

M 33 AA N 
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Table 2: Asthmatic Donor Data. TSE indicates tobacco smoke exposure.  

 

Sex 
Age 

(years) Race Asthma Specific Medication TSE 

M 2 C Albuterol N 

F 7 C Albuterol N 

F 9 AA Albuterol, Fluticasone, Salmeterol N 

F 19 H Albuterol, Fluticasone, Salmeterol N 

F  27 AA Unknown N 

F 43 AA Prednisone N 

F 45 C Albuterol, Fluticasone, Salmeterol Y 

F 46 C Unknown Y 

F 59 C Albuterol, Fluticasone, Salmeterol N 

F 64 C Albuterol, Fluticasone, Salmeterol N 

F 63 AA Daily Inhaled Steroid N 

M 67 C Unknown N 

F 8 H Unknown N 

F 62 C Albuterol N 

F 54 H Albuterol N 

F 52 AA Daily Inhaled Steroid N 

M 57 H Prednisone, Albuterol N 

M 25 H Albuterol N 
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Table 3: Media Comparison. Components contained in the media for the 

submerged cell culture model, the air liquid interface model, basic medium used 

to offset the cell cycle and complete medium. Additional information regarding 

SingleQuot factors are proprietary of Lonza Inc.  

    

  
Submerged Culture Media Air Liquid Interface Media 

  

(1) Bronchial Epithelium Basal Media (1) Bronchial Epithelium Basal Media 

(2) SingleQuot Factors: (2) Dulbecco's Modified Eagle Medium  

      Bovine Pituitary Extract (3) SingleQuot Factors: 

      Hydrocortisone       Hydrocortisone 

      hEGF       hEGF 

      Epinephrine       Epinephrine 

      Transferrin       Transferrin 

      Insulin       Insulin 

      Retinoic Acid       Triiodothyronine 

      Triiodothyronine        Gentamicin 

      Gentamicin (4) Retinoic Acid (5x10-5M) 

 (5) Bovine Pituitary Extract (65mg) 

  

Complete Media Basic Media 

  

Same media utilized in  (1) Bronchial Epithelium Basal Media 

submerged culture (2) Gentamicin 
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2.2: Submerged Culture Model Using Basal Epithelial Cells 

2.2.1 Induced Asynchrony in Non-Asthmatic Epithelia 

Experiments were conducted using submerged culture conditions 

on non-asthmatic basal epithelial cells at 70% confluence in BEBM with 

SingleQuots (Lonza). Mitotic asynchrony was induced in parallel cultures, 

from the same donor. One culture was fed complete medium for 12 hours, 

while the other was fed basic medium. After 12 hours the conditions were 

reversed (Figure 3.2.1). This staggered feeding of basic and complete 

media offsets the cell cycle in the two parallel cultures. An asynchronous 

population was created by adding the same number of cells from each of 

the parallel cultures. Aliquots of each were reserved as controls prior to 

mixing the cultures and cultured in parallel to the mixed population. 

PKH67 (Sigma-Aldrich, Saint Louis, MO) was used to fluorescently-label 

the cell population most recently grown in basic media before co-culture to 

allow tracking in the mixed condition. Cultures were continuously exposed 

to bromodeoxyuridine (BrdU) (BD Bioscience, San Jose, CA) after mixing. 

Cells and media were collected at 0, 6, 12, and 24 hours. For 

resynchronization experiments, cells were collected at 0, 24 and 48 hours. 

2.2.2: Contact and Non-Contact Resynchronization 

Asynchrony was induced in submerged non-asthmatic bronchial 

epithelial basal cells as described in section 2.2. At 0 hours, cells were 

dissociated from tissue culture flasks with trypsin and plated into a 12 well 

plate. In the contact wells, cells were plated in a mixed population. In non-
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contact wells, populations were plated and separated by a 0.4µm transwell 

membrane. Cells were collected at 0, 24, and 48 hours for flow cytometric 

analysis.  

2.2.3: TGF-β1 Receptor Blocking 

Asynchrony was induced in non-asthmatic bronchial epithelial cells 

as described in section 2.2.1. At 0 hours, cells were dissociated from 

tissue culture flasks with trypsin and seeded into a 12 well plate. 1µM SB-

431542 (Tocris Bioscience, Bristol, UK), a selective inhibitor of the TGF-

βRI by preventing the receptor from phosphorylating SMAD3 and 

continuing signal transduction, was added to a mixed population well118. 

Cells were collected at 0, 24 and 48 hours for flow cytometric analysis. 

2.3: Air Liquid interface Model with Fully Differentiated Airway Epithelial 

Cells 

2.3.1 Air Liquid Interface with Non-Asthmatic and Asthmatic Epithelia 

Non-asthmatic and asthmatic cells were grown ~80% confluency in 

a T-75 tissue culture flask using proliferation media - BEBM supplemented 

with SingleQuots (Lonza). Cells were dissociated from tissue culture flasks 

with trypsin and seeded into human collagen IV (Sigma-Aldrich) coated 12 

well-transwell plates and grown submerged until confluent. At confluence, 

cells were fed basolaterally with ALI media – 1:1 mixture of DMEM/BEBM 

with SingleQuots (except for retinoic acid and bovine pituitary extract 

[BPE]), and supplemented with 5x10-5M retinoic acid, 65mg BPE and 

BSA. Epithelial cells were allowed to differentiate for 16 days. Beginning at 
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-48 hours, ALI cells were incubated in glucocorticoid-free medium. 

Cultures were mechanically scrape-wounded in a standardized manner 

with a P1000 pipette tip at 0h and thereafter exposed continuously to 

BrdU. 

2.3.2: Conditioned Media Exposure 

Cells were cultured as described in section 2.3. We obtained 

conditioned culture media from the apical and basolateral surfaces of fully-

differentiated primary non-asthmatic and asthmatic airway epithelial 

cultures at air-liquid interface at several time points during active 

regeneration following scrape-wounding. Since the apical surface is 

exposed to air, secretions were collected by adding 1mL of BEBM and 

allowing it to incubate for 30 minutes before removing the media 

containing secretions. Additional wounded fully-differentiated non-

asthmatic cultures were exposed to these media at the corresponding time 

points.  

2.3.3: Mitotic Capture 

Cells were cultured as described in section 2.3. At -26, -2, +22, and 

+46h they were pulsed with mitotic synchrony-inducing compounds [i.e. 

20uM dexamethasone (Invitrogen, Grand Island, NY), 10uM simvastatin 

(Sigma-Aldrich), and 10uM aphidicolin (Sigma-Aldrich)] or PBS for 2h 

(Figure 5.1.1).  
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2.4: Flow Cytometry 

Wound regeneration and mitotic synchrony were analyzed via flow 

cytometry for 7-AAD (eBioscience, San Diego, CA) DNA staining in BrdU+ cells. 

Flow cytometry data was analyzed using Flow Jo v7.5-10 software (Tree Star 

Inc., Ashland, OR). Cell cycle graphs were generated using the Flow Jo Cell 

Cycle algorithm that measures the fluorescence intensity of 7AAD present within 

a cell to determine the cell cycle phase. This analysis gives a graphical 

distribution of the cells within the G1, S and G2/M phases of the cells cycle, along 

with percentage of cells in each phase. This percentage is used to generate the 

cell cycle percentage graphs. A representative distribution graph from the cell 

cycle analysis is presented in Figure 2.4.1.  
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Figure 2.4.1: Cell Cycle Analysis. A representative graph of cell cycle analysis 

as identified by fluorescence intensity of 7AAD from the Flow Jo software. Each 

phase is represented by a different color: dark green (G1/G0), light green (S), and 

blue (G2/M). (A) Asynchrony is shown with a more even distribution of cells in 

G1/G0 and M phases. (B) Synchrony is shown with most of the cell residing in a 

single phase of the cell cycle, G1/G0. Percentage of cells in each phase is also 

given by the software (not shown).  

  

A B 
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2.5: Inflammatory Mediator Measurements 

Cell culture supernatants were analyzed for cytokines using the Milliplex 

MAP Human Cytokine/Chemokine Premixed 42 Plex (Millipore, Billerica, MA). 

Cytokines that were detected can be seen in Figure 3.4.2. TGF- β1 was 

measured using ELISA (Invitrogen) and/or Milliplex MAP TGF-β1 (Millipore). 

Cytokines measured using the Milliplex platform were quantified and analyzed 

using the Luminex 200 xPONTENT 3.1 system (Millipore). All samples were 

tested following the manufacturers’ protocols.  

2.6: Immunofluorescence 

Transwell membranes were removed from the chamber, fixed in 4% 

paraformaldehyde, embedded in paraffin blocks and cross-sectioned adjacent to 

and distant from the wound site. Deparaffinized sections underwent antigen 

unmasking by boiling slides in a 10mM sodium citrate buffer for 10 minutes and 

then blocked to prevent nonspecific binding using 5% normal goat serum 

(Invitrogen) (diluted with 5% triton/PBS) for one hour. The nuclear marker DAPI 

(Invitrogen) and a primary antibody against the proliferation marker Ki67 (Abcam, 

Cambridge) primary antibody were added (DAPI – 1:1000 dilution; Ki67- 1:100 

dilution) and sections were incubated overnight at 4°C. Sections were washed 

and slides were incubated in Ki67 secondary antibody, polyclonal goat anti-rabbit 

IgG (1:10,000 dilution for 2 hours). Fluorescence was visualized on a Zeiss 

LSM510 confocal microscope. Events were counted by visually scanning the 

slides for Ki67+ events localized within DAPI-stained nuclei.  
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2.7: Statistical Analyses 

Statistical comparisons were performed in SPSS 20.0 software (SPSS 

Inc., Chicago, IL) and Microsoft Excel 2013 using t test functions (paired when 

appropriate) within time points. Results are reported as mean±SEM unless 

otherwise noted.  
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Chapter 3: Evaluating the Role of Mitotic Asynchrony on the Production of 

TGF-β1  

3.1: Overview 

Our previous data on primary tracheobronchial epithelial cell cultures 

show that a pro-inflammatory state in asthma was coincident with neighboring 

mitotically-active cells distributed broadly over the cell cycle (i.e. mitotic 

asynchrony)67. However, we did not determine if mitotic asynchrony was 

necessary and sufficient to induce a pro-inflammatory and/or pro-fibrotic state. 

Herein we determine if mitotic asynchrony can induce the production of TGF-β1 

and what role TGF-β1 plays in resynchronization.  

3.2: Developing the Induced Mitotic Asynchrony Model 

To determine if mitotic asynchrony alone was sufficient to induce TGF-β1 

secretion, we needed to develop a model of mitotic asynchrony using non-

asthmatic epithelial cells. To create this model, we used primary tracheobronchial 

epithelial cells from five unrelated normal non-asthmatic donors, each cultured at 

a low enough density (<70% confluence) to maintain a proliferative state 

throughout the experiment. Cultures from each donor were then split into two 

parallel cultures, one culture alternately fed with basic medium for 12 hours and 

then complete medium for 12 hours, the other vice versa, to offset the cell cycles 

between the populations (Figure 3.2.1). The cell populations were then mobilized 

and re-cultured, either as single mitotically synchronous populations or as mixed 

cultures wherein neighboring cells had cell cycles that were out of phase. Cells 

cultured in basic medium for the first 12 hours were the –PKH67 populations. 
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Cells cultured in complete media for the first 12 hours of the 24 hours staggered 

feeding were the +PKH67 population. 
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Figure: 3.2.1: Experimental design for inducing mitotic asynchrony in 

normal primary airway epithelial basal cells. Mitotic asynchrony was induced 

in parallel submerged cultures of normal proliferating airway epithelial progenitors 

via transient feeding of basic or complete media (for 12 hours) in a staggered 

fashion. At 0 hours, cells from one flask were labeled with fluorescent membrane 

dye, PKH67. Aliquots of each were reserved as controls prior to mixing the 

cultures. All cultures were continuously exposed to BrdU after the time point of 

mixing (0 hours). 
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3.3 Mitotic Asynchrony among Neighboring Cells Is Sufficient to Induce a 

Pro-Inflammatory State 

Non-asthmatic single population cultures maintained mitotic synchrony 

throughout the 24 hour culture period (data not shown) and showed stable low-

level secretion of TGF-β1 (Figure 3.3.1B), consistent with a non-inflammatory 

state. At +6 hours, the mixed cultures showed asynchronous mitosis (G1 

[mean±SEM], S, G2/M: 47±7, 22±2, 31±8%) (Figure 3.3.1A), along with two-fold 

suppression of proliferation in the most recently re-fed population (PKH67 

negative) compared to its +6 hour single population control (Figure 3.3.1C). This 

was followed by a two- to four-fold increase in TGF-β1 secretion at +12 hours 

that resolved by +24 hours (Figure 3.3.1B). These data suggest that offset cell 

cycles among neighboring cells is necessary and sufficient to induce a transient 

pro-inflammatory/fibrotic milieu. 
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Figure 3.3.1: Induced mitotic asynchrony in proliferating normal airway 

epithelial progenitor cells stimulates TGF-β1 secretion. Cell cycle phase was 

analyzed by flow cytometry for 7-AAD DNA staining in BrdU+ cells to identify 

mitotic synchrony/asynchrony according to time and condition. Shown are BrdU+ 

cells as a percentage of the total number of cells in the culture at each time point 

according to condition. PKH67- cells proliferate more rapidly in isolation than in 

mixed conditions. (A) Non-asthmatic airway epithelial cells are mitotically 

asynchronous at 6 hours post mixing. (B) Supernatants were analyzed for TGF-

β1 at each time point and compared according to condition. The cells grown in 

mixed conditions show elevated TGF-β1 secretion at 12 hours compared to 

either cell population in isolation. (C) Cells and media were collected at 0, 6, 12, 

and 24 hours. Data are shown as mean; n=5 normal donors; *p<0.05. 
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3.4 Mitotic Synchrony Is Not Altered by Conditioned Media from Asthmatic 

(Pro-Inflammatory) Epithelial Cells.  

As noted above, we have shown previously that asthmatic airway 

epithelial cells are mitotically asynchronous and this is coincident with a pro-

inflammatory/fibrotic state67. However, it is possible that the pro-inflammatory 

mediators secreted into the cell culture media were capable of disrupting cell 

cycle synchrony. To test this, we exposed non-asthmatic regenerating epithelia 

at ALI to culture media collected from regenerating asthmatic and non-asthmatic 

epithelia. There was no evidence of mitotic asynchrony in those exposed to 

conditioned media from wounded asthmatic or normal cells (Figure 3.4.1B). 

These data indicate that pro-inflammatory conditioned media is not sufficient to 

alter mitotic synchrony in normal airway epithelial cells. Select cytokines, of the 

Luminex 42-plex, that were present in the media can be seen in Figure 3.4.2. 
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Figure 3.4.1: Secreted inflammatory mediators do not induce mitotic 

asynchrony in regenerating normal airway epithelia. (A) Experimental 

schema for wounded normal epithelium, i.e. at ALI, exposed to inflammatory 

mediators of regenerating normal or asthmatic airway epithelia. Normal and 

asthmatic airway epithelia were cultured and basolateral secretions were 

collected at 0, 24 and 48 hours. Additional normal epithelium at ALI was exposed 

to the basal asthmatic and non-asthmatic secretions in a time-dependent 

manner. (B) Mitotic synchrony according to secretion exposure. Data are shown 

as mean; n=3 asthma and n=3 normal donors. 
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Figure 3.4.2: Cytokine production in asthmatics and non-asthmatics after 

wounding. Select cytokines present according to time in basolateral conditioned 

media after scrape wounding in (A) asthmatic and (B) non-asthmatic cells. 

Cytokines found in panel A, but not in panel B indicate that the cytokine could not 

be detected. 
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3.5 Asynchronous Non-Asthmatic Cells Resynchronize Without 

Intervention 

Using the model of induced asynchrony in non-asthmatic epithelial cells 

allowed us to observe the homeostatic mitotic state and the natural progression 

of non-asthmatic cells once asynchrony was induced. Cells were collected and 

analyzed for cell cycle at 0, 24 and 48 hours after inducing mitotic asynchrony. 

Epithelial cells were mitotically asynchronous at 0 (G1, S, G2/M: 50±5, 21±2, 

29±4%) and 24 hours post mixing (G1, S, G2/M: 52±3, 22±2, 26±3%). By 48 

hours, all samples had resolved to mitotic synchrony where G1, S, G2/M were 

73±8, 12±4, 15±6% (Figure 3.5.1).  
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Figure 3.5.1: Non-asthmatic cells resynchronize without intervention. Mitotic 

synchrony/asynchrony in in vitro non-asthmatic airway epithelia after induced 

asynchrony. Mixed populations of induced mitotically asynchronous cells were 

initially asynchronous, but resynchronized by 48 hours post mixing. Data are 

shown as mean; 60% or more of the cells in G1 shown as a cut off for mitotic 

synchrony; n=5 non-asthmatic.  
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Chapter 4: Evaluating the Role of TGF-β in Synchrony 

4.1: Overview 

 Mitotic synchrony among neighboring cells is the homeostatic state of the 

airway 119. In the induced asynchrony experiments, synchronization was 

coincident with an increase and then resolution of TGF-β. Based on the ability of 

TGF-β to regulate proliferation, we investigated the ability of TGF-β to modulate 

mitotic synchrony.  

4.2: Cells Do Not Need Contact to Resynchronize 

The use of the term “mitotic asynchrony” was originally derived from the 

fungal field120. Although they are very different biological systems, the similarities 

are striking – e.g. synchronous regulation of multiple adjacent nuclei.  In 

multinucleated fungi, cells maintain synchronous mitosis via passage of mitotic 

factors from nucleus to nucleus through the cytoplasm. While our system is not 

technically multinucleated, the cells (and their nuclei) are connected via epithelial 

junctions that are known to be disrupted in asthma. We initially suspected that 

the inability to pass factors from cell to cell could also be a contributing factor to 

the lack of synchrony in asthmatic epithelium. This led us to investigate whether 

contact between populations with net mitotic asynchrony (individually 

synchronous, but asynchronous with one another) was necessary for the 

resynchronization to occur.  

The induced asynchrony model in non-asthmatic basal progenitor cells 

was used to determine if cells must be in contact with one another to 

resynchronize. Cells were collected and analyzed for cell cycle stage at 0, 24 and 
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48 hours after inducing asynchrony. Epithelial cells were asynchronous at 0 (G1, 

S, G2/M: 49±4, 38±6, 14±2%). Cells resynchronize by 24 hours post mixing in 

both the contact and non-contact conditions with G1, S, G2/M: 62±8, 21±4, 

17±5% and G1, S, G2/M: 64±11, 23±5, 12±7%, respectively. At 48 hours, all were 

also synchronous in the contact and non-contact conditions (G1, S, G2/M were 

88±3, 8±2, 4±1%) (G1, S, G2/M were 84±5, 8±2, 9±5%) (Figure 4.2.1). Taken 

together this indicates that direct cell-cell contact is not necessary for 

resynchronization in non-asthmatic epithelial progenitor cells. 
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Figure 4.2.1: Non-asthmatic cells in induced asynchrony do not need 

contact to resynchronize. Cell populations that are individually synchronous, 

but asynchronous with each other (i.e. the mixed population), were placed in 

wells separated by 0.4 µm transwell (no contact) or cultured in the same well 

(contact). (A) Experimental schematic of contact and no contact transwells. (B) 

Mitotic synchrony/asynchrony in in vitro non-asthmatic airway epithelia after 

induced asynchrony. Populations in contact and not in contact with one another 

were asynchronous at 0 hours post mixing. Both contact and non-contact 

populations are synchronous at 24 hours and remain synchronous at 48 hours. 

Data are shown as mean; 60% or more of the cells in G1 shown as a cut off for 

mitotic synchrony; n=3 non-asthmatic. 

 

 

 

 

 

 

 

 

  

0%

20%

40%

60%

80%

100%

0 Hour 24
Contact

24 No
Contact

48
Contact

48 No
Contact

B
rd

U
+
 C

e
lls

 i
n
 M

it
o
ti
c
 

P
h
a
s
e
 

(M
e
a
n
 %

 o
f 

T
o
ta

l)
 

G
1
/G

0
 

G
2
/M

 
S
 

Contact Non-Contact 

Semi-permeable 
transwell membrane 

PKH-67+ basal epithelial cells 

PKH-67- basal epithelial cells 

Cell culture media 

A 

B 

Hour:   0         24       24         48         48 

Contact:          +          -           +           - 



50 
 

4.3: Blocking TGF-β Receptor Activity Prevents Resynchronization in Non-

Asthmatic Cells  

 To determine if the TGF-β pathway is directly involved in mitotic 

resynchronization, the TGF-βRI was blocked using SB-431542. SB-43152 

prevents the phosphorylation of SMAD3 by TGF-β1121. Mitotic asynchrony was 

induced in non-asthmatic airway epithelial cells as described in section 2.2. At 0 

hours 1µM SB-431542 was added to the mixed induced asynchrony samples. 

Cells were asynchronous at 0 hours (G1, S, G2/M: 48±5, 36±7, 17±3%). Epithelial 

cells remained asynchronous at 24 hours for both the mixed (G1, S, G2/M: 47±4, 

22±3, 31±3%) and receptor blocked populations (G1, S, G2/M: 50±8, 35±10, 

14±4%). The induced asynchrony samples that did not have receptor inhibitor 

added resynchronized by 48 hours (G1, S, G2/M: 68±3, 19±1, 13±4%); however, 

the receptor blocked epithelial cell failed to resynchronize where G1, S, G2/M 

were 51±2, 38±1, 11±2% (Figure 4.3.1). 
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Figure 4.3.1: Blocking the TGF-β receptor prevents resynchronization in 

non-asthmatic induced asynchrony. Mitotic synchrony in in vitro non-asthmatic 

airway epithelia after induced asynchrony. All samples were induced into 

asynchrony. The receptor blocked populations had the TGF-βRI blocked with SB-

431542. Mixed and receptor blocked populations were asynchronous at 0 and 24 

hours. By 48 hours the mixed population had resynchronized as expected; 

however, the receptor blocked population remained asynchronous. Data are 

shown as mean; 60% or more of the cells in G1 shown as a cut off for mitotic 

synchrony; n=5 non-asthmatic. 
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Chapter 5: Mitotic Capture Resynchronizes Asthmatic Airway Cells and 

Reduces TGF-β1 Secretion 

5.1: Mitotic Capture   

Since mitotic asynchrony drives TGF-β1 secretion, synchronizing the 

regenerating cells should reduce levels of TGF-β1.  In order to synchronize the 

cells, we utilized mitotic capture. Mitotic capture refers to the pulsing of airway 

epithelial cells with a pharmacologic agent to induce a pause at a specific point in 

the cell cycle. Cells that are lagging in other phases are permitted to catch up to 

the paused cell population. At this point, the pharmacologic agent is removed 

and cells progress more synchronously through the cell cycle. The glucocorticoid 

dexamethasone (DEX), the statin simvastatin (SIM) and the tetracycline 

aphidicolin (APH) are well demonstrated as pharmacologic agents for mitotic 

capture as described below and were chosen for use in this study. 

Glucocorticoids, like dexamethasone, are highly efficacious anti-

inflammatory drugs. In addition, glucocorticoids can synchronize the cell cycles in 

a population of cells via induction of p53-dependent upregulation of p21122. p21 

then binds the cyclin-dependent kinase (CDK) 2 complex, preventing it from 

completing RB protein phosphorylation and progression into S phase123.  

Two additional widely prescribed drug classes, statins (HMG CoA 

reductase inhibitors) and tetracyclines (DNA polymerase-α inhibitors), also have 

anti-inflammatory and cell cycle synchronizing effects. Similar to glucocorticoids, 

statins have been shown to activate the G1/S checkpoint via inhibition of p21 and 

p27 degradation, which in turn prevents cyclin E/CDK2 activity124,125. Additionally, 
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tetracyclines reversibly inhibit DNA polymerase-α preventing DNA synthesis and 

progression to S phase 126,127. Therefore, we hypothesized that, like we have 

shown with glucocorticoids, statins and tetracyclines may be anti-inflammatory 

via cell cycle resynchronization. 

Fully-differentiated scrape-wounded primary normal and asthmatic airway 

epithelial cultures at air-liquid interface were periodically exposed to the 

glucocorticoid dexamethasone, the statin simvastatin, and the tetracycline 

aphidicolin. Daily two-hour pulses of drug were given, as we previously 

described67. A schematic of the experimental design can be seen in Figure 5.1.1.  
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Figure 5.1.1: Experimental design of mitotic capture. Primary non-asthmatic 

and asthmatic airway epithelial cells were grown under ALI conditions until fully 

differentiated. Beginning at -48 hours cells were incubated with glucocorticoid-

free media. At -26, -2, +22 and +46 hours cells are pulsed for 2 hours with either 

a drug or vehicle control. At hour 0, the cells are scrape wounded to induce 

regeneration. BrdU is added to allow for analysis of only those cells contributing 

to regeneration.  
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5.2: Dexamethasone Resynchronizes Asthmatic Epithelial Cells and 

Reduces TGF-β1 Secretion 

Mitosis, basolateral cytokine release, and proliferative activity were 

measured at 0, 24, and 48 hours post-wounding. Asthmatic epithelial cells were 

more evenly distributed among the cell cycle phases (G1, S, G2/M: 47.4±3.8, 

23.9±6.3, 28.7±5.7%) than normal epithelial mitosis (71±1, 12±2, 17±2%) (Figure 

5.2.1A), supporting the concept of mitotic asynchrony in asthmatic epithelium 

previously reported67. Analyses were limited to actively proliferating [i.e. 

bromodeoxyuridine (BrdU+)] epithelial cells. The mitotic capture of the G1/S 

checkpoint via daily two-hour pulse drug exposure to DEX predictably increased 

the percentage of asthmatic progenitors in G1 (Figure 5.2.1A), thus 

resynchronizing their cell cycle profile toward normal. In addition, less than half 

as many actively mitotic progenitor cells (Ki67+) were adjacent to the wound in 

asthmatic compared to normal epithelia. Mitotic capture with DEX increased the 

abundance of these cells four-fold adjacent to the wound and ten-fold distant 

from the wound (Figure 5.2.2). DEX-induced resynchronization of mitosis in the 

proliferating asthmatic epithelia resulted in a concurrent reduction in basolateral 

TGF-β1 secretion, in particular at the 24-hour peak from 285±74 ρg/mL to 45±17 

ρg/mL (Figure 5.2.1B). Further, the DEX-induced improvement in mitotic 

synchrony (% of mitotically-active cells in G1) correlated with the reduction in 

basolateral TGF-β1 secretion at 24 hours (Figure 5.2.1C).   
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Figure 5.2.1: Asthmatic epithelial mitotic asynchrony and TGF-β1 secretion 

are improved by DEX. (A) Average mitotic synchrony/asynchrony in in vitro 

airway epithelial cells at ALI after exposure to PBS or DEX. (B) Basolateral TGF-

β1 secretion according to compound and time following wounding. (C) 

Correlation between DEX-induced improvement in mitotic synchrony [% of 

mitotically-active (BrdU+) cells in G1] and reduction (%) in basolateral TGF-β1 

secretion at 24 hours. Data are shown as mean; n=8 asthma and 3 non-

asthmatic donors; **p<0.01. 
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Figure 5.2.2: Mitotic capture rescues wound regeneration in asthmatic 

epithelia. (A) Mitotic staining with Ki67 (pink) adjacent to and distant from the 

wound in the absence or presence of DEX. (B) Ki67+ quantification according to 

condition and location relative to the wound. Representative data of n=3 

asthmatic and 8 non-asthmatic donors; *p<0.01. 
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5.3: Simvastatin and Aphidicolin Resynchronize Asthmatic Epithelial Cells 

and Reduce TGF-β1 Secretion 

The mitotic capture of the G1/S checkpoint via daily two-hour pulse drug 

exposure to SIM or APH similarly increased the percentage of asthmatic 

progenitors in G1 (Figure 5.3), thus resynchronizing their mitosis toward normal. 

Further, SIM- or APH-induced resynchronization of mitosis in the proliferating 

asthmatic epithelia resulted in a concurrent reduction in basolateral TGF-β1 

secretion, in particular at the 24-hour peak. Mitotic capture decreased TGF-β1 at 

24 hours post-wounding from 285±74 ρg/mL to 81±26 ρg/mL with SIM, and to 

77±50 ρg/mL with APH (Figure 5.3B). DEX, SIM, and APH did not have a 

detectable impact on any of these parameters in normal tracheobronchial 

epithelium.  

Taken together, these data suggest that DEX, APH, and SIM all show 

anti-inflammatory efficacy via resynchronization of mitosis in regenerating in vitro 

asthmatic airway epithelium. 
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Figure 5.3.1: Asthmatic epithelial mitotic asynchrony and TGF-β1 secretion 

are improved by SIM and APH. (A) Mitotic synchrony/asynchrony in in vitro 

airway epithelia at ALI after exposure to PBS, SIM or APH. (B) Basolateral TGF-

β1 secretion of asthmatic epithelium according to compound and time following 

wounding. Data are shown as mean; n=8 asthma and 3 non-asthmatic donors; 

**p<0.01. 
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Chapter 6: Discussion 

6.1: Summary of Results 

Current paradigms indicate that inflammation is central to the remodeling 

observed in asthmatic airways. The model put forward as an alternative to this is 

that TGF-ß secretion and remodeling in asthma are downstream effects of mitotic 

asynchrony of the chronically wounded and regenerating asthmatic airway. We 

used a series of mitotic behavior experiments wherein airway epithelial mitosis is 

desynchronized by disease state or experimental condition and then 

resynchronized via manipulation of the G1/S checkpoint. These experiments 

resulted in several core findings. First, and most important to cause-and-effect, 

inducing mitotic asynchrony in proliferating normal airway epithelial progenitor 

cells is sufficient to stimulate TGF-β1 secretion. Second, that access to the TGF-

β receptor is important in the resynchronization of non-asthmatic epithelial cells. 

Third, that cell contact is not required for the resynchronization. Fourth, asthmatic 

epithelial secreted mediators do not significantly alter mitotic synchrony in 

regenerating injured normal airway epithelia. Finally, resynchronization of 

asthmatic airway epithelial mitosis via mitotic capture reduces basolateral TGF-

β1 secretion. Cumulatively, these analyses show that mitotic synchrony is the 

homeostatic state in airway epithelial progenitor cell populations and poorly-

synchronized mitosis (as in asthma) induces TGF-β1 secretion and a pro-

inflammatory and pro-fibrotic milieu.  
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6.2: Role of Regenerative Synchrony and TGF-β in Asthma 

 Taken together, our findings establish the directionality of cause and 

effect, showing that the lack of normal mitotic synchrony in regenerating 

asthmatic airway epithelium drives secretion of TGF-β1 and in non-asthmatic 

cells TGF-β1 helps to maintain synchrony. This might be explained by differential 

expression of ligands and receptors in each cell cycle phase. As a hypothetical 

example, TGF- β1 receptors may be expressed only during M-phase while TGF- 

β1 may only be expressed during S-phase. Therefore, in a synchronous 

population of cells, the receptor would never see the ligand. However, in an 

asynchronous population, some cells would be expressing the receptor 

coincidentally with other cells expressing the ligand.  In hepatocytes, TGF-β 

induced EMT is related directly to the cell cycle state. Cells that are not 

mitotically synchronous show a loss of E-cadherin in the epithelium and a 

decrease of tight junctions. Additionally, cells that were synchronous in G1/S 

showed increased protection from apoptosis; whereas, cells synchronized in 

G2/M and exposed to TGF-β underwent apoptosis at a significantly higher rate128. 

Interestingly, cells that were not synchronized also showed increased protection 

from apoptosis. This provides evidence for differential cell fates based on cell 

cycle phase. This is an important new concept in asthma as secretion of TGF-β1 

is an important contributor to airway remodeling129-131. 

Our study makes a case not only for the involvement of TGF-β in cell cycle 

progression, but also the role of mitotic capture as an endogenous process and 

potential treatment. Based on the role of TGF-β1 in proliferation and its ability to 
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induce a pause in the cell cycle, it is possible that asynchronous regenerating 

cells are releasing it to perform endogenous mitotic capture and once the cells 

have synchronized, TGF-β secretion levels off.  In neuronal progenitor cells, 

TGF-β induced cell cycle arrest has been shown to increase neurogenesis86. Our 

study demonstrated that TGF-β receptors were necessary for resynchronization 

in non-asthmatic lung epithelial cells and in non-asthmatic secretions TGF-β 

resolved after cells were synchronized. It is possible that asthmatic cells exhibit a 

“resistance” to TGF-β as a mediator of synchrony. Since there is resistance, 

sustained levels of TGF-β1 are observed. These sustained levels lead to 

unresolved injury and remodeling.  

A potential mechanism for this action involves Sox17 mediation. During 

development, Sox17 is initially widely expressed in the lung, but afterward only 

intermittently expressed in proximal airway cells and it has been implicated in 

ciliated cell differentiation132. Sox17 has also been shown to cause ciliated cell 

trans-differentiation into goblet cells, potentially accounting for a portion of the 

goblet cell hyperplasia seen in asthma133,134. In addition, Sox17 can interact 

directly with SMAD3 to prevent p15 transcription and promote cell cycle 

progression84. The glucocorticoid receptor can also interact directly with SMAD3 

to prevent nuclear translocation and further signal transduction135. Aberrant 

Sox17 or glucocorticoid receptor activity could therefore directly ablate the anti-

proliferative or endogenous mitotic capture TGF-β would normally exercise on 

regenerating epithelial cells, in turn promoting mitotic asynchrony.  
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6.3: Chronotherapy  

Based on our findings, it is reasonable to hypothesize that restoration of 

central and/or peripheral oscillator functions would synchronize progenitor cell 

activity. In fact, there have been recent promising developments of so-called 

“chronotherapy” agents for several diseases, including rheumatoid arthritis 

(RA)136,137. These studies utilized night administration of low-dose long release 

prednisone to counteract the circadian dip in cortisol in the early morning, which 

corresponds to early morning symptoms and inflammation in RA. The 

chronotherapeutic concept utilized in our experiments, which we termed mitotic 

capture, is to temporarily pause the cell cycle at a specific point every 24 hours, 

allowing lagging progenitors to catch up before releasing them all to progress 

synchronously through mitosis.  

Current steady-state dosing of glucocorticoids would not induce a 

chronotherapeutic response. For therapeutic purposes the pharmacological 

agent used would need access to the local repairing niches, and thus would most 

likely be inhaled. It would also need to have a relatively short half-life to allow 

cells to be released from the pause in cell cycle simultaneously, as in our mitotic 

capture experiments. Currently, there are no drugs that meet these criteria.  

6.4: Clinical Implications  

The clinical ramifications of TGF-β1 production as a result of 

asynchronous regeneration are substantial. Current drug strategies for asthma 

aim for steady-state tissue exposure with long-acting glucocorticoids for 

convenient dosing. While steady-state exposure is effective for immune cell 
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suppression, this strategy does not capture the tissue-level peripheral oscillator 

and thereby moderate mitosis. Instead, driving mitotic synchrony requires 

circadian-like fluctuations in tissue steroid levels (i.e. tall peak followed by deep 

trough to pause and release mitosis). Chronotherapy akin to our in vitro 

experiments could be beneficial in asthma to simulate a pause in cell cycle and 

then synchronous release. When repair is synchronous, TGF-β1 is not produced 

in high and sustained levels, potentially reducing downstream remodeling in 

asthma. Our model establishes a foundation for novel treatments in asthma, and 

other diseases, targeting cellular regeneration and capture of the mitotic clock in 

addition to suppressing immune-mediated inflammation.  

6.5: Limitations 

 This study advances our understanding of the relationship between mitotic 

behaviors and airway repair; however, we recognize that there are some 

limitations. The use of commercial sources of cells limits the amount of clinical 

information that is available for each donor. We were also limited by donor 

availability which makes age-, gender-, and race-matching of non-asthmatic and 

asthma donors difficult. Although some of these experiments were conducted in 

fully-differentiated cells at air-liquid interface, they do not incorporate the effects 

that subepithelial cells may have on epithelial mitotic behaviors. 

While primary human basal epithelial cells were used, this work was 

carried out exclusively in in vitro models, therefore extrapolation into humans 

requires further validation. There are in vivo models used for asthma research; 

however, these models more closely resemble acute lung injury and 
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hypersensitivity pneumonitis and do not give insight into the long-term underlying 

airway remodeling seen in asthma3,42,138. Currently, xenograft models of asthma 

using human airway epithelial cells seeded into rat tracheas and grafted into a 

nude mouse are underway in our lab. Similar models with cystic fibrosis cells 

have proved informative139,140. This will provide a more accurate insight into an in 

vivo model for asthma. 

6.6: Future Directions 

 The exact mechanism by which TGF-β1 modulates synchrony and fibrosis 

as it relates to mitotic behaviors is unknown. The future direction of this project 

involves identifying the differences in the expression of TGF-β receptors, 

phospho-SMAD2/3 and mediators that regulate TGF-β in relation to regenerative 

asynchrony, particularly Sox17 and the glucocorticoid receptor. Additionally, 

these experiments were performed in models with epithelial cells in isolation. The 

next goal is to reproduce these results in an animal model. The appropriate 

model would be a xenograft model in which human basal asthmatic epithelial 

cells are seeded into denuded rat tracheas as scaffolds and implanted into the 

back of nude mice. This would allow us to investigate regeneration of the 

epithelium using human cells in the context of subepithelial remodeling.  

Some of this work is already underway. Xenografts were seeded with 

asthmatic and non-asthmatic cells and harvested and sectioned at 2, 6, and 8 

weeks. 2 week airway epithelial sections have been stained using 

immunohistochemistry with fluorescent antibodies for Cdt1, a marker of G1 and 

geminin, a marker of G2/S. However, results thus far have been inconclusive 
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because of species cross-reactivity. Additionally, it is possible that by 2 weeks 

the epithelium has already proliferated and is in the process differentiating, 

therefore we would not observe Cdt1/geminin staining.  

6.6 Conclusions 

Current treatment of asthma with glucocorticoids address the inflammatory 

component of the disease and in most cases effectively control symptoms. These 

strategies do not address the underlying mechanisms that lead to remodeling 

and decline in lung function. Cumulative analysis shows mitotic synchrony is the 

homeostatic state in airway epithelial progenitor populations. Poorly-

synchronized mitosis (as in asthma) induces TGF-β1 secretion and a pro-

inflammatory/pro-fibrotic airway. Since TGF-β1 modulates non-asthmatic 

synchrony, an inability to respond to TGF-β in asthmatics to may contribute to 

mitotic asynchrony and sustained levels of TGF-β, leading ultimately to 

remodeling. These findings establish rationale for targeting progenitor cell mitotic 

behavior rather than immune-mediated inflammation in fibrotic disease. 
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