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Abstract of Dissertation 

 

Investigating the Role of Exosomes in Cell-cell Signaling Contributing to Airway 

Disease 

 

Exosomes are microvesicles that contain functional proteins, messenger RNAs 

(mRNAs), and microRNAs.  Recently, intercellular communication via exosomes has 

garnered attention in contributing to both asthma and obesity.  

Obesity is often complicated by co-morbid conditions, yet how excess adipose 

contributes to end-organ dysfunction is poorly understood.  Adipose-derived exosomes 

are a possible direct link contributing to end organ dysfunction in addition to systemic 

inflammation. To understand the role of exosomes in obesity, the first study of this 

dissertation describes the development of exosome techniques for exosomes released by 

adipose tissue from obese subjects. Herein, for aim 1, we developed techniques to 

quantify, characterize and compare these adipose-derived exosomes between obese and 

lean donors. Comparison of obese vs. lean visceral adipose donors detected 55 

differentially-expressed exosomal microRNAs (p<0.05; fold changeÓ|1.2|). Quantitative 

Real Time PCR (qRT-PCR) confirmed downregulation of miR-148b (ratio = 0.2 [95% 

confidence interval = 0.1, 0.6]) and miR-4269 (0.3 [0.1, 0.8]), and upregulation of miR-

23b (6.2 [2.2, 17.8]) and miR-4429 (3.8 [1.1 to 13.4]) in obese compared to lean visceral 

adipose exosomes. Biological pathway analysis identified transforming growth factor 

beta (TGF-ɓ) signaling and the canonical Wnt (Wnt/ ɓ-catenin) signaling pathway among 

the top canonical pathways predicted to be altered with visceral adiposity, based on 

projected mRNA targets for the 55 differentially expressed microRNAs. These data show 

that visceral adipose tissue sheds exosomal-mediators predicted to regulate key end-organ 
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inflammatory and fibrotic signaling pathways. In aim 2, we demonstrate that obese 

visceral exosomes regulate mRNA expression of ACVR2B, an important TGF-ɓ 

receptor. Interestingly, these exosomes down-regulate ACVR2B in non-asthmatic 

fibroblasts and up-regulate ACVR2B in asthmatic fibroblasts, suggesting that obese 

visceral exosomes regulate airway fibroblast gene expression and that these cells respond 

differently to these exosomes dependent on disease state. This initial study allowed us to 

utilize exosomal techniques for investigation of exosomal communication in an in vivo 

animal model for asthma. The development of this model is described in our second 

study. 

For the second study of this dissertation, we introduce a new animal model for 

asthma. In aim 3, using an immunocompromised murine host, we developed a xenograft 

model: integrating a proliferating and differentiating human asthmatic airway epithelium 

with an actively remodeling rodent mesenchyme. In this model, we show that the 

presence of asthmatic epithelium alone is sufficient to drive aberrant mesenchymal 

remodeling. Moreover, these xenografts permit direct assessment of exosomal 

intercellular communication between the epithelial-mesenchymal trophic unit. After 

developing an in vivo animal model of asthma, we can incorporate techniques developed 

in the first and second study to understand intercellular communication between the 

airway epithelium and mesenchyme in asthma.  

Therefore for the third study, after establishing exosome techniques in our 

laboratory using the human obesity model, we extended these techniques in aim 3 to the 

in vivo xenograft model of asthma. We isolated exosomes shed from non-asthmatic and 

asthmatic human primary bronchial airway epithelial cells. Global microRNA profiling 
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of these exosomes demonstrated that exosomal microRNAs dysregulated with asthma are 

predicted to upregulate the TGF-ɓ signaling pathway, an important contributor to airway 

remodeling and fibrosis in asthma. We then exposed acellular xenografts once daily for 

12 days at a concentration of 3 µg/mL to non-asthmatic and asthmatic bronchial airway 

epithelial exosomes. We analyzed grafts using Massonôs Trichrome for collagen fibers. 

Asthmatic bronchial airway epithelial exosome exposed grafts were thinner, and had a 

scarring appearance compared to non-asthmatic bronchial airway epithelial exosome 

grafts that appeared stiffer and thicker. 

Our findings suggest that asthmatic airway epithelial exosomes aberrantly 

communicate with the underlying mesenchyme. This aberrant intercellular 

communication between the epithelium and mesenchyme in asthma may lead to improper 

formation of matrix scaffolding necessary for epithelialization of the airway epithelium. 
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Chapter 1: Background and Specific Aims 

1.1: Obesity 

1.1.1: Obesity Prevalence 

According to the Centers for Disease Control and Prevention (CDC), childhood 

obesity has more than doubled in children and quadrupled in adolescents in the past 30 

years
1
. More than one-third of adults and 17 percent of youth in the United States were 

obese in 2011-2014
2
. The prevalence of obesity was higher among women (38.3 percent 

for women) than among men (34.3 percent for men), and higher among non-Hispanic 

black and Hispanics as compared to other racial groups
2
. 

1.1.2: Definition of Obesity 

Obesity is typically defined using cut points of body mass index (BMI), 

calculated as weight in kilograms (kg) divided by height in meters squared (m
2
). 

However, BMI does not measure body fat directly, and the relationship between BMI and 

body fat varies by sex, age, and race
3,4

. Despite being the main measure for obesity, BMI 

is an incomplete measure of one's cardiometabolic health
5
. The addition of other metrics, 

such as waist circumference or neck circumference, has been shown to better explain 

obesity-related health risks than BMI alone
6,7

. The current definition of obesity is based 

on BMI for both youth and adults, but the definitions are not directly comparable. Among 

adults, set cut points exist based on health risk, while among children the definition is 

statistical and based on a comparison to a reference population
8
. In order to account for 

variability, BMI in children is compared to sex- and age- specific reference values
8
. A 

universally accepted definition of childhood obesity remains problematic. BMI is useful 
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for measuring rates of overweight status in the population, but it is a poor approximation 

of excess adiposity. BMI varies with age in children, making it more complex for 

diagnosing in children versus adult, which use single cut-off values for all ages
9
. 

1.1.3: Childhood and Adolescent Obesity 

Childhood and adolescent obesity is one of the most pressing current public health 

concerns. Obesity in children and adolescents is associated with a variety of adverse 

health conditions, such as Type 2 diabetes
10

, obstructive sleep apnea
11,12

, hypertension
13

, 

dyslipidemia
13

, metabolic syndrome
10

, and asthma
11,12

. The prevalence of obesity among 

United States youth was 17.0 percent in 2011ï2014. Risk of becoming overweight during 

adolescence is higher among girls than boys
9
. Overall, boys and girls ages 2 to 19 have 

similar obesity rates (16.7 percent for boys versus 17.2 percent for girls)
14

. However, 

among ages 6 to 11 where girls' obesity rate is 17.9 percent compared to boys at 16.4 

percent
14. Studies show that up to 80% of overweight adolescents become obese adults

15
. 

Due to this persistence of the obesity phenotype, adolescence is emphasized as a major 

critical period for the development of obesity-related comorbidities
16

. Obesity with onset 

in adolescence is more likely to persist into or exert its health effects in adulthood
9,16

. 

Obesity in adolescence is associated with increased overall mortality and increased 

cardiovascular disease risk and diabetes
17

. In a population-based sample of 5 to 17 year 

olds, 70% of obese youth had at least one risk factor for CVD
18

. 

1.1.4: Treatment of Obesity 

The principle strategies for the treatment of overweight in children are similar to 

adults: dietary modification and increased physical activity with treatment goals based on 
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age, sex, and severity of obesity
9
. Treatment of obesity, particularly in children and 

adolescents, focuses on long-term chronic disease management, including support for 

families and caregivers with obese children
9
.  Family involvement is critical in the 

successful treatment of childhood obesity
9
. Obesity is a long-term health problem that 

needs long-term management and care, encompassing dietary management, physical 

activity, pharmacological
19

 and surgical treatment
20

. Treatment plans need to take into 

account monitoring behavioral, psychological, and social correlates of weight for success.  

1.1.5: Surgical Treatment of Obesity  

Surgical intervention is a successful treatment option for severe adolescent 

obesity and is currently available to obese patients at multiple centers, including 

Childrenôs Health Systemôs Obesity Institute. Indications for surgery include a BMI > 35 

kg/m
2
 and the presence of severe comorbidities, such as obstructive sleep apnea, type 2 

diabetes, and pseudotumor cerebri or a BMI > 40 kg/m
2 
with minor comorbidities

16,17
. An 

experienced team approach is necessary for selection of appropriate candidates and for 

post-operative care, including comprehensive medical and psychological evaluations. 

Limited data available suggest that dietary and behavioral interventions alone rarely 

achieve significant long-term success for individuals with severe obesity
21,22

. Weight loss 

goals and reduction of morbidity are often achieved by bariatric surgery. Short-term 

mortality appears to be low, but significant complications can occur
20

. Surgical 

intervention must be implemented by experienced, multi-disciplinary teams and 

presented to families with appropriate informed consent procedures
20

. Overall, surgical 

therapy can help alleviate severe-obesity in patients, and result in drastic improvement in 

metabolic health, insulin resistance, and diabetes, even prior to any significant weight 
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loss
23

.   

1.1.6: Obesity as Chronic Inflammatory Disease 

Obesity is associated with a chronic inflammatory state
24

 and portends the 

development of related metabolic diseases impacting nearly every organ system within 

the body
25-27

.  Previous studies have shown that visceral adipocytes promote systemic 

inflammation by secreting systemic mediators such as interleukin (IL)-6, tumor necrosis 

factor (TNF)-Ŭ, and leptin, among others
28

. These mediators are secreted into the 

circulation 
28,29

 and can indirectly affect distant organs
30

, increasing the risk of type 2 

diabetes, atherosclerosis, cardiovascular disease, asthma, and several forms of cancer. In 

addition, obesity is known to increase systemic TGF-ɓ1 levels, which activate fibroblasts 

to differentiate into myofibroblasts, increasing the release of extracellular matrix 

proteins
31

. Extracellular matrix protein accumulation can disrupt physiological organ 

architecture, resulting in fibrotic disease such as that seen in non-alcoholic fatty liver 

disease (NAFLD) 
32,33

 and asthma
17,34

.  

Exosomes are also a possible direct mechanism that might work in parallel with 

systemic inflammation. Our groups and others demonstrated that adipocyte-derived 

exosomes contain mediators that are capable of end-organ dysfunction
35,36

.   
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1.2: Exosomal Intercellular Communication 

1.2.1: Modes of Intercellular Communication 

Intercellular communication is an essential function between living cells where 

cells communicate with each other to perform processes necessary for survival
37

. 

Extracellular secreted molecules coordinate the aggregation of free-living cells for sexual 

mating or differentiation under certain environmental conditions
37

. In intercellular 

communication, chemicals released by cells can alter the behavior or gene expression of 

other cells. These extracellular signaling molecules can control metabolic processes, the 

growth of tissues, the synthesis and secretion of proteins, and the composition of 

intracellular and extracellular fluids
37

.  

 Cells communicate by three modes: 1) autocrine 2) paracrine and 3) endocrine 

signaling (Figure 1). In autocrine signaling, cells secrete hormones or chemical 

messengers that bind to autocrine receptors on that same cell, leading to changes in the 

cell
38

. An example of autocrine signaling is the cytokine interleukin-1 (IL-1) in 

endothelial cells. IL-1 is a factor secreted by endothelial cells and can bind to the same 

endothelial cell-surface receptor it was produced by to suppress endothelial growth
39

. 

Paracrine signaling is local communication between cells in which cells produce signals 

to induce changes in nearby cells
38

. An example of paracrine signaling is communication 

through gap junctions where signaling substances such as ions, ATP, and metabolites 

(molecules smaller than 1.2 kDa in size) dissolved in the cytosol may easily pass between 

joined cells
38,40

.  Paracrine signaling also occurs when cells secrete signaling molecules 

(such as growth factors) that diffuse locally through the extracellular fluid and target cells 
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that are physically nearby
37

. Endocrine signaling is intercellular communication at a 

physical distance. Specialized endocrine cells secrete hormones into the circulatory 

system, which reach target cells at a distance
37

. The response of a cell or tissue to specific 

hormones is dictated by the particular receptors it possesses and by the binding of the 

ligand to that receptor. Each cell type can differ in its response to the ligand due to 

differences in receptors for the same ligand
37

. In summary, the differing modes of 

intercellular communication are essential for physiological function, development, and 

survival of the organism. Recently, another mode of communication - exosomal 

intercellular communication - has garnered attention. This dissertation focuses on 

exosomes as important cell-cell communicators and specifically defines their role(s) in 

obesity and asthma.  
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Figure 1: Forms of Intercellular Communication. (a) Autocrine signaling involves a 

cell producing chemical messengers that bind to and activate its own cell receptors
38

. (b) 

Paracrine signaling occurs from one cell to another nearby cell
37

. (c) Paracrine signaling 

also occurs through gap junctions between cells
37

. (d) Endocrine signaling involves 

communication between cells at a distance, with chemical messengers traveling through 

the body via secretion of hormones from endocrine cells
37

.  
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1.2.2: Discovery and Characterization of Exosomes 

Exosomes were originally described by Pan and Johnstone over 30 years ago in 

1983
41

, but were disregarded due to their consideration as cellular ñgarbage cansò acting 

to discard unwanted molecular components
42-44

. Because of this, exosomes were 

discounted for the next 10 years. After denial that these microvesicles have important 

functions, evidence emerged that exosomes were vital intercellular communicators
43,45-47

. 

Exosomes were first described in the immune system, however, many different cell types 

are now known to secrete exosomes, including: neural, epithelial, muscle, and stem 

cells
43

. Exosomes are also present in multiple body fluids, including blood, urine, saliva, 

bronchoalveolar lavage liquid (BAL), and cerebrospinal fluid
48

.  

Exosomes represent a specific subtype of secreted membrane vesicles.  These 

microvesicles consist of a lipid bilayer membrane surrounding a small cytosol that lacks 

cellular organelles such as mitochondria, lysosomes, endoplasmic reticulum, nucleus, and 

the Golgi apparatus
49
. The term ñexosomeò is used specifically for secreted membrane 

vesicles that form inside intracellular multivesicular compartments and that release upon 

fusion of these compartments with the plasma membrane
43

. Exosome vesicles range from 

30 to 100 nm in size and are identified by the presence of proteins common to most 

exosomes such as the tetraspanin proteins, CD63, CD9, and CD81
50-52

.  

1.2.3: Mechanism of Exosome Release 

Formation and secretion of exosomes is an active process, requiring enzymes
53

 

and ATP
54

.  Exosome formation starts with multivesicular endosomes (MVE) budding 

inward to form small internal vesicles containing proteins, mRNAs, and microRNAs 
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from the cytoplasm. These internal vesicles are released as exosomes when MVE fuse 

with the cell membrane
55

. Exosomes fuse with the plasma membrane and release their 

contents extracellularly
55

.  The regulatory molecules involved in the release of exosomes 

were identified by Ostrowski, et al., who observed that Rab27a and Rab27b were 

associated with exosome secretion
56

. When they reach their destination, determined by 

the binding of specific ligands on their surfaces, exosomes target cells in one of two 

ways: 1) transmembrane proteins of exosomes directly interacting with the signaling 

receptors of target cells
57

 or 2) by fusing to the targetôs cell membrane and releasing its 

contents directly into the cytoplasm
58

 (microRNA exosomal transfer shown in Figure 2).  
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Figure 2: The Generation of Exosomal microRNAs and Their Export . microRNA 

(miRNA) genes are transcribed into primary microRNAs (pri-microRNA)
42

. Drosha 

complexes process pri-microRNAs into precursor microRNAs (pre-microRNA)
42

. After 

export to the cytosol via exportin 5, pre-microRNAs undergo further processing into 

mature microRNAs by the Dicer complex, and are then packaged into exosomes within 

multivesicular bodies
42

. These internal vesicles are released actively as exosomes when 

MVEs fuse with the cell membrane
55

. Exosomes fuse with the plasma membrane and 

release their contents extracellularly
55

. When released into recipient cells, exosomal 

microRNAs can functionally target mRNAs by binding to them and either inhibiting 

transcription or degrading mRNA targets
59,60

. 
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1.2.4: microRNAs and Exosomal microRNA Communication 

Exosomes contain and transport functional messenger RNAs (mRNAs), micro-

RNAs (microRNAs), and proteins between cells
60

. In 2007, Lötvall, et al. described 

exosomes containing the presence of mRNAs and microRNAs
60

. This group showed that 

mRNAs in exosomes can be translated into proteins in target cells, therefore transmitting 

genetic information
61

. Encapsulation of mRNAs and microRNAs into membrane vesicles 

protects the extracellular RNAs from degradation during transit and allows for the 

efficient recovery of exosomes from biological fluids such as plasma, urine, milk, 

seminal fluid, or saliva
43

. Along with mRNA delivery into recipient cells, exosomal 

microRNAs can functionally target mRNAs by binding to them and either inhibiting 

transcription or degrading mRNA targets
59

 (Figure 2).  

microRNAs are small non-coding regulatory RNAs that bind to complementary 

sequences in the 3ô-untranslated region (3ôUTR) of target mRNAs, leading to either 

translational repression or increased target degradation of specific mRNA transcripts
62

. 

MicroRNAs encompass an essential component in the complex regulatory networks 

controlling a wide array of cellular processes, including the timing of developmental 

process, cell proliferation/differentiation, apoptosis, organ development, and immune 

regulation
63-65

. In diverse human diseases, certain microRNAs are aberrantly expressed, 

suggesting that microRNAs can be biomarkers for disease development and potential 

targets for therapy
66

. microRNA processing starts with transcription of microRNA genes 

into primary microRNA (pri-microRNAs), and then processed by the Drosha complex to 

form precursor microRNAs (pre-microRNAs)
42

. These pre-microRNAs are then exported 

into the cytoplasm by the exportin 5 complex, where they undergo digestion by the Dicer 
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complex to become mature microRNAs
42

. Some mature microRNAs are then sorted into 

exosomes (shown in Figure 2).  

Packaging of microRNAs into exosomes is a selective process, as the microRNA 

profiles in exosomes do not always match the microRNA profiles observed in parental 

cells
61,67

. There are four known methods of sorting microRNAs into exosomes: 1) the 

neural sphingomyelinase 2 (nSmase2)-dependent pathway
68

, 2) the microRNA motif and 

sumoylated heterogeneous nuclear ribonucleoproteins (hnRNPs)-dependent pathway
69

, 3) 

the 3ôend of the microRNA sequence-dependent pathway, where the 3ôend of the 

microRNA sequence contains a critical sorting signal
70

, and 4) the microRNA-induced 

silencing complex (miRISC)-related pathway when mature microRNAs can interact with 

assembly proteins to form a complex called the miRISC, including the microRNA, 

GW182, and Argonaute RISC Catalytic Component 2 (AGO2). The AGO2 proteins in 

humans play an important role in mediating mRNA: microRNA formation, and the 

consequent translational repression or degradation of the mRNA molecule
71

. In summary, 

exosomes sort microRNAs either based on specific sequences present in certain 

microRNAs or in a microRNA-independent fashion whereas specific enzymes or other 

proteins may control the sorting process. 

Exosomal intercellular communication has been implicated in multiple diseases 

such as neurological disease
72

, cancer
45

, asthma
73

, and obesity
71

. In this dissertation, we 

focus on exosomal intercellular communication in asthma and obesity, specifically 

related to exosomal contributions to fibrotic airway disease in asthma.  

1.2.5: Adipose-derived Exosomal Contributions to Obesity-Comorbidities 
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A previous study demonstrated that obese adipose-derived exosomes can 

contribute to the development of insulin resistance via activation of adipose-resident 

macrophages and secretion of pro-inflammatory cytokines that result in insulin 

resistance
71

. Adipocyte-derived exosomes are linked to lipid metabolism and obesity-

related insulin resistance. Insulin sensitivity can be promoted in adipocytes through 

interactions with peritoneal macrophages. Large numbers of these cells infiltrate into 

adipose tissue in obese individuals and provoke systemic inflammation and insulin 

resistance
74

. Exosomes shed from adipose tissue play a major role in this process. 

Monocytes take up exosomes from obese adipose tissue, which can then differentiate into 

activated macrophages
71

. In a recent study, our research group showed that exosomes 

from obese individualsô visceral adipose tissue may affect the formation of non-alcoholic 

fatty liver disease in the liver by activating the TGF-ɓ pathway
36

. These adipose-derived 

exosomal microRNAs may increase the expression of proteins that inhibit extracellular 

matrix degradation, resulting in accumulation of extracellular matrix, and disrupting liver 

architecture
75

.  

1.2.6: Adipose-derived Exosome Characterization in Obesity 

Exosomes may be important intercellular communicators contributing to obesity, 

and obesity-related comorbidities, and asthma. To investigate exosomal intercellular 

communication in asthma, we first developed and optimized techniques to isolate, 

quantify, and characterize exosomes using readily available homogeneous adipose tissue 

from subjects undergoing bariatric surgery. While developing these techniques, we 

discovered a possible mechanism by which obese adipose-derived exosomes may be 

capable of directly promoting end-organ disease and contributing to obesity-related 
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comorbidities such as asthma
35

. The investigation of adipose-derived exosomes is also 

important to understanding the link between obesity and asthma, both global epidemics 

increasing rapidly in prevalence.  
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1.3: Asthma  

1.3.1: Asthma Prevalence 

Asthma is a chronic inflammatory disease of the airways. In the United States, 

asthma affects more than 22 million persons and is one of the most common chronic 

diseases of childhood, affecting 6 million children
76

.  The economic burden of asthma in 

the United States in 2007 was $56 billion
77

, and patients with uncontrolled, severe asthma 

incur up to 3 times greater asthma-related costs than those with controlled, severe 

disease
77

. People with asthma have more than 497,000 hospitalizations annually
76

. Racial 

and ethnic disparities exist in asthma incidence rates, with disproportionally high impact 

on African American and Puerto Rican populations
76

. 

1.3.2: Etiology of Asthma 

Asthma involves a complex interaction of airflow obstruction, bronchial hyper-

responsiveness, and underlying inflammation
76

. This interaction can be variable among 

and within patients over time. The interactions of these features determine the clinical 

manifestations and severity of asthma, along with the response to treatment. 

Immunohistopathologic features of asthma include inflammatory cell infiltration of 

neutrophils, eosinophils, lymphocytes, and mast cell activation into the airways, and 

epithelial cell injury
76

.  Airway inflammation contributes to airway hyperresponsiveness, 

airflow limitation, respiratory symptoms, and disease chronicity
76

. Airway remodeling is 

also a major characteristic of chronic asthma, resulting in permanent alterations to the 

airway structure comprised of sub-basement fibrosis, mucus hypersecretion, injury to the 

epithelial cells, smooth muscle hypertrophy, and angiogenesis
78

. This permanent change 
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to the airway structure cannot be prevented by, or fully responsive to, currently available 

treatments
78

. Therefore, the paradigm of asthma has expanded from bronchospasm and 

airway inflammation to include dysfunctional airway remodeling in patients
79

.  

1.3.3: Medications for Asthma 

Medications for asthma are categorized into two general classes: 1) long-term 

control medications used to achieve and maintain control of persistent-asthma, and 2) 

quick-relief medications used to treat acute symptoms and exacerbations
76

. Examples of 

long-term control medications are corticosteroids that block late-phase reaction to the 

allergen, reduce airway hyperresponsiveness, and inhibit inflammatory cell migration and 

activation. Inhaled corticosteroids (ICS) are used in the long-term control of asthma. 

Short courses of oral systemic corticosteroids are often used to gain prompt control of the 

disease when initiating long-term therapy
76

. Lastly, longïterm systemic corticosteroids 

are used for severe persistent asthma
76

. Quick-relief medications include anticholinergics, 

which inhibit muscarinic cholinergic receptors and reduce intrinsic vagal tone of the 

airway
76

. Short-Acting Beta-Agonists (SABAs) such as albuterol are also quick-relievers 

that relax smooth muscle and are the therapy of choice for relief of acute symptoms
76

.  

1.3.4: Heterogeneous Asthma Phenotypes 

Although asthma is linked with various pathobiological processes, quality 

biomarkers do not exist for asthma
80

. Specific phenotypes and subgroups of asthma 

remain poorly defined due to the lack of biomarkers. The best approach to understanding 

asthma pathobiology is through phenotyping. A phenotype is a grouping of 

characteristics of an organism which result from the interaction of genes with the 



17 
 

environment
80

. Phenotypes in asthma are related to clinical/physiologic characteristics, 

triggering factors, and inflammatory components
81

. Recently in asthma, phenotypes are 

moving towards endotypes, defined as a subgrouping of disease associated with distinct 

functional or pathologic mechanisms
82,83

.  

Asthma is a heterogeneous disease with different underlying processes. Asthma 

phenotypes consist of recognizable clusters of demographic, clinical, and/or 

pathophysiological characteristics
84-86

. These phenotypes include: 1) Allergic asthma, 

which commences in childhood and is associated with a past and/or a family history of 

allergic disease such as eczema, allergic rhinitis, or food or drug allergy. This type of 

asthma is characterized by eosinophilic airway inflammation and responds well to ICS 

treatment
84-86

; 2) Non-allergic asthma is prevalent in adults and is not associated with an 

allergy. The cellular profile of the sputum may be neutrophilic, eosinophilic, or contain 

only a few inflammatory cells. This phenotype cluster is less responsive to ICS
84-86

; 3) 

Late-onset asthma is particularly present in women in adult life. For these patients, the 

first time they present with asthma is in adulthood. These patients tend to be non-

allergenic and require high doses of ICS or are refractory to corticosteroid treatment
84-86

; 

4) Asthma with airflow limitation: this phenotype consists of some patients with long-

standing asthma who develop fixed airflow limitation that is thought to be due to airway 

remodeling
84-86

. Treatment of this particular type of asthma is difficult with the standard 

treatment using ICS failing to reverse lung function decline due to irreversible alterations 

in the airways
87,88

. Current therapies such as ICS reduce airway inflammation
88

, but 

available therapies do not exist to prevent or reverse airway remodeling.  5) Asthma with 

obesity: some obese patients with asthma have prominent respiratory symptoms and little 
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eosinophilic airway inflammation. Within the asthma with obesity phenotype, there are 

two subtypes: 1) early-onset obese asthma, not developed following obesity, but rather 

complicated by obesity; and 2) late-onset obese asthma, which is developed following 

obesity
89

. Treatment of asthma in obese individuals is challenging, since obesity is 

associated with poor response to standard treatment medications such as ICS
90

. Due to 

the complexity of obese asthmatics, treatment is not one-size fits all
90

. Therefore, a 

personalized treatment is necessary for successful treatment of obese asthmatics 

comprising pharmacological and non-pharmacological treatments such as weight loss, 

exercise, and diet interventions
90

.  

The distinct phenotypes of asthma are still under investigation for development of 

treatments for specific phenotypes. Currently, no therapies exist for the phenotypes 

driven by dysfunctional airway remodeling
91

. This dissertation focuses on asthma, 

specifically relating to airway remodeling. Progress toward developing effective 

treatments for airway remodeling in asthma has been limited by the inadequacy of 

existing preclinical animal models of asthma
92

. Using xenograft techniques in this 

dissertation, we have established a new animal model of asthma, with replication of many 

features of human asthma. This unique model of asthma is well-suited for development of 

therapies for airway remodeling, especially with regard to personalizing therapies for 

predicting individual responses to drugs. This xenograft model focuses on the central role 

of the airway epithelium in promoting underlying remodeling changes in the lung, 

contributing to asthma development. 

1.3.5: The Central Role of the Airway Epithelium in Asthma Development 
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The airway epithelium forms the interface between the external environment and 

the lung parenchyma. In addition to barrier function, the airway epithelium plays an 

important role in the maintenance of lung homeostasis
93

, specifically by interacting with 

the innate and adaptive immune systems
94

 and through cross-talk with the underlying 

mesenchyme
95,96

. Due to the complexity of the airway, which consists of multiple 

interacting cell types, the development of an adequate human model to understand the 

role of the airway epithelium in lung homeostasis and the pathology of obstructive lung 

disease has been difficult. Thus, in many chronic inflammatory lung diseases the 

contribution of specific cells and tissues (epithelial, immune, and connective) to aberrant 

remodeling and fibrosis has been difficult to define. 

Recurrent exposure of the airway epithelium to pathogens and allergens can lead 

to repeated cycles of injury and repair. In asthma, it is known that many of these repair 

processes are defective including reduced cell-cell adhesion proteins involved in barrier 

function
97

, asynchrony in mitotic cell division
98

, and increased production of 

inflammatory mediators and growth factors such as transforming growth factor beta-1 

(TGF-ɓ1)
99-102

.                                                                          .  

1.3.6: Transforming Growth Factor Beta Signaling Pathway 

In asthma, sensitized epithelia cells release profibrotic mediators, such as TGF-ɓ. 

TGF-ɓ stimulates fibroblasts and myofibroblasts to release collagen, proteoglycan, and 

glycoproteins that induce airway thickening
103

. TGF-ɓ is a main profibrotic factor 

contributing to airway remodeling with subsequent structural airway changes, including 

subepithelial fibrosis, deposition of extracellular matrix protein, goblet cell hyperplasia, 

hypersecretion of mucus, smooth muscle hypertrophy, and epithelial damage
104,105

. TGF-
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ɓ is produced by numerous cell types including epithelial cells, eosinophils, 

macrophages, and fibroblasts. This growth factor plays an important role in the 

development of severe asthma, resulting in poor treatment response and increased 

morbidity and mortality. The TGF-ɓ superfamily of ligands are multifunctional regulators 

implicated in various biological processes within the airways including alveolarization, 

epithelial, endothelial function, immune cell differentiation, and proliferation
106

. The 

TGF-ɓ superfamily consists of more than 33 members including: TGF-ɓ, bone 

morphogenetic proteins (BMP), growth and differentiation factors (GDFs), activins, and 

inhibins. The TGF-ɓ superfamily in humans demonstrates three mammalian isoforms 

(TGF-ɓ1, 2, and 3) that share 60-80% homology and share similarities in common cell 

surface receptors and cellular targets
107

. The three isoforms each have important roles in 

the regulation of inflammation, cell growth, and differentiation
106,108,109

.   

1.3.7: TGF-ɓ1 Signaling 

TGF-ɓ1 is the ubiquitous prototype of this family and is the most prevalent in 

mammalian tissues
110

. Airway epithelia is a major site of TGF-ɓ1 expression
111-113

. TGF-

ɓ1 is produced as an inactive latent complex made up of latency associated peptide (LAP) 

and latent TGF-ɓ-binding protein (LTBP). TGF-ɓ1 is targeted to the extracellular matrix 

(ECM)
114

. Maturation of inactive complexes depends on the dissociation of covalent 

bonds that in turn rely on pH changes enabling binding to the cell surface receptors. TGF-

ɓ1 activation requires further binding of a (n) integrin to a sequence in its pro-domain
107

. 

TGF-ɓ1 signal transduction occurs through Smad-dependent or independent pathways
115

 

(Figure 3). TGF-ɓ type I and II receptors are transmembrane serine/threonine kinases 

(e.g. activin receptor-like kinase 5 (ALK5)) that stimulate a cascade of intracytoplasmic 
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intermediates termed Smads, which facilitate signaling. Activated TGF-ɓ1 receptors lead 

to phosphorylation of Smad proteins that, in turn, are transcription factors that regulate 

gene expression. Smads 2 and 3 form complexes with Co-Smad (Smad4) and translocate 

into the nucleus. In a negative feedback loop, inhibitory Smad (Smad7), induced by 

Smad3, blocks TGF-ɓ signaling by type 1 receptor binding.  

1.3.8: TGF-ɓôs Role in Promoting Airway Remodeling in Asthma 

Increased TGF-ɓ1 signaling, has been reported in the bronchial biopsies of 

asthmatic subjects
116

. Smad3 signaling is required for myofibroblast accumulation, a 

component of airway remodeling
117

. TGF-ɓ1 affects sub-epithelial fibrosis by increasing 

deposition of ECM such as type I and III collagen, fibronectin, and proteoglycans, along 

with inducing fibroblast differentiation to myofibroblasts
118

. TGF-ɓ mediated 

proliferation of collagen, fibronectin, serum and platelet-derived growth factor all play a 

role in leading to stiffer airways and greater fixed airflow obstruction seen in severe 

asthma
78

. During the induction of fibrosis, TGF-ɓ1 promotes target genes including 

connective tissue growth factor (CTGF), a-smooth muscle actin (a-SMA), collagen, and 

plasminogen activator inhibitor
119,120

  TGF-ɓ2 is also another important isoform that is 

expressed by eosinophils and is the predominant form in severe allergic asthma, where 

TGF-ɓ2 promotes profibrotic responses and contributes to airway remodeling
121-124

. 

TGF-ɓ1 is implicated in epithelial-mesenchymal transition (EMT)
125

, a controversial 

mechanism in asthma. Current studies demonstrate that airway epithelial cells isolated 

from asthmatic lungs undergo EMT upon TGF-ɓ1 stimulation
126,127

. Whether EMT 

actually occurs in asthma is still under investigation, as described in the next section.  
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Figure 3: TGF-ɓ1 Signal Transduction.  TGF-ɓ1 is produced as an inactive latent 

complex made up of LAP and latent TGF-ɓ-binding protein (LTBP). TGF-ɓ1 activation 

requires further binding of a (n) integrin to a sequence in its pro-domain. TGF-ɓ1 signal 

transduction occurs through Smad-dependent or independent pathways. TGF-ɓ type I and 

II receptors are transmembrane serine/threonine kinases that stimulate a cascade of 

intracytoplasmic intermediates termed Smads. Activated TGF-ɓ1 receptors phosphorylate 

Smad proteins that, in turn, are transcription factors regulating gene expression. Smads 2 

and 3 form complexes with Co-Smad (Smad4) and translocate into the nucleus. In a 

negative feedback loop, inhibitory Smad7 blocks TGF-ɓ signaling by type 1 receptor 

binding.  
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1.3.9: Epithelial Mesenchymal Transition 

Currently, the mechanism of mesenchymal expansion in asthma is unknown. 

However, the abnormal response of epithelial-mesenchymal trophic unit to environmental 

challenges may play a central role in the airway pathology and physiology in asthma
96

 via 

EMT
128,129

. Dysregulated EMT has been linked to tumor metastasis and progression, and 

it is recognized to be observed in response to stress/injury in the kidney
130

, liver
131

, and 

lung
132,133

. Whether EMT occurs in the airway epithelium and in asthma is unknown.  

EMT is the trans-differentiation of epithelial cells into motile mesenchymal cells 

and is integral in development, wound healing, stem cell behavior, and a known 

contributor to fibrosis. Epithelial cells show apical-basal polarity, adhere and 

communicate with each other through specialized intercellular junctions, and are 

positioned on a basement membrane that helps to define their function
134

.  Key events of 

EMT include the dissolution of the epithelial cell-cell junctions, loss of apical-basal 

polarity, reorganization of the cytoskeletal architecture, changes in cell shape, down-

regulation of an epithelial gene expression signature (examples: loss of epithelial 

cadherin (E-cadherin) and occludin-1), and activation of genes that help to define the 

mesenchymal phenotype (examples: vimentin, fibronectin, and a-SMA)
135

. Epithelial 

cells undergoing EMT have increased cell protrusions and motility, and the ability to 

degrade extracellular matrix (ECM) proteins to enable invasive behavior. In EMT, E-

cadherin is cleaved at the plasma membrane and subsequently degraded (an example of 

destabilization of adheren junctions essential for epithelial integrity and barrier 

function)
136

. Increased TGF-ɓ1 and TGF-ɓ2 expression are associated with EMT-

events
131,137

. In response to TGF-ɓ signaling, Smad complexes activate expression and 
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increase the activity of EMT transcription factors. Smads can directly activate the 

expression of some mesenchymal genes (example: vimentin and fibronectin)
135

. During 

EMT, epithelial growth factor (EGF) also induces endocytosis of E-cadherin, which leads 

to the reduction in E-cadherin levels in epithelial cells
138,139

.  

TGF-ɓ1 induces EMT in experimental animal fibrosis models and in human 

alveolar epithelium. The phosphorylation of Smad2/3 is essential for induction of 

EMT
140-142

. Few studies demonstrate EMT in airway epithelium. Ward and colleagues 

suggest EMT occurs in the small airways of clinically-stable lung transplants
143

. Hackett, 

et al. provide the first evidence that human primary airway epithelial cells in vitro 

undergo EMT in response to TGF-ɓ1
125

. However, Hackett and colleagues found that 

staining of patient-matched airway sections do not express EMT markers, such as a-

SMA and vimentin in the asthmatic airway epithelium. Therefore, EMT is still under 

controversy as to whether it occurs in the airway epithelium in vivo, and if EMT 

contributes to airway remodeling in asthma
125

. Wingless/Integrase-1 signaling (Wnt 

signaling pathway) is also another pathway implicated in EMT and dysfunctional Wnt 

signaling is known to promote fibrosis
135

. 

1.3.10: Wingless/Integrase-1 Signaling 

Wingless/Integrase-1 signaling (Wnt signaling pathway) is a complex signaling 

pathway comprised of a family of secreted cysteine-rich lipid-modified glycoproteins 

known as WNT ligands
144

. The WNT ligands signal through membrane bound Frizzled 

(FZD) receptors, low-density lipoprotein receptor related protein-5/6, and a few typical 

tyrosine kinases, including Receptor-Like Tyrosine Kinase (RYK), Protein Tyrosine 

Kinase 6 and 7 (PTK6 and 7), and Receptor Tyrosine Kinase-Like Orphan Receptor 2 
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(ROR2). Classified into a Catenin beta-1 (b-catenin)-dependent canonical and b-catenin-

independent non-canonical branch, Wnt signaling is critical during embryonic 

development and plays a key role in maintenance of post-natal tissue homeostasis
145,146

.  

WNT-5A is critical in proper lung development, whereas WNT-7B controls the 

proliferation of the epithelium in developing lungs
147

 and is required for the 

mesenchymal differentiation program governing airway and vascular smooth muscle 

development in the lungs
148

. Aberrant Wnt signaling results in fibroproliferative, 

malignant, and inflammatory disorders
149

 and is implicated in pulmonary fibrosis
150

. 

TGF-ɓ and Wnt signaling interact at multiple levels, playing crucial roles in fibrotic 

disorders
151

. b-catenin is required for TGF-ɓ-induced extracellular matrix expression in 

airway smooth muscle cells
152

. Wnt and TGF-ɓ also cooperate to regulate gene 

expression changes during EMT. Destabilization of adherens junctions in response to 

TGF-ɓ enables b-catenin to accumulate in the nucleus and feed into canonical Wnt-

signaling
153

. Because of Wntôs wide and complex roles, understanding Wnt signaling 

related to fibrosis is important in developing therapies for fibrotic diseases. 

1.3.11: Fibrosis in the Lung 

Fibrosis is prevalent in a number of chronic diseases such as idiopathic pulmonary 

fibrosis (IPF)
154

, asthma
155

, and chronic obstructive pulmonary disease (COPD)
156

. 

Following lung injury, a wound healing response facilitates a rapid restoration of the 

epithelial cell barrier by promoting deposition of a provisional ECM layer at the site of 

injury. This matrix encourages migration of myofibroblasts towards the new basal layer, 

which is used by the epithelial cells to create an intact epithelial layer and regenerate the 

area of damaged lung
157

. Tissue repair following exposure to an injurious insult is an 
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essential homeostatic mechanism. However, fibrosis can occur due to dysregulation of 

this normal repair response or excessive wound healing. Dysregulated or excessive 

wound healing evokes excessive accumulation of extracellular matrix components such 

as collagen and fibronectin
158

.  

Clinically significant fibrosis occurs within two compartments of the lungs, 

namely the airway wall and the alveolar interstitium. Pathogenesis of fibrosis is not well 

understood, and no single unifying mechanism explains all types of fibrosis in the lung. 

The current paradigm for fibrogenesis in the lungs includes repeated subclinical injury 

resulting in epithelial damage with subsequent destruction of the alveolar-capillary 

basement membrane. The failure to repair the subsequent destruction of the epithelium 

results in excess collagen deposition and fibrosis. A key feature in the development of 

fibrosis may be due to factors influencing epithelial cell proliferation or inhibition of 

epithelial repair, along with aberrant epithelial-mesenchymal cross-talk
157

. Release of 

fibrogenic growth factors (like TGF-ɓ1), and activation of signaling pathways such as 

TGF-ɓ and Wnt signaling pathways are known contributors to fibrosis in asthma
157

. TGF-

ɓ is considered to be the key mediator in defective epithelial repair and fibroblast 

proliferation, processes fundamental to the development of airway remodeling
157

.  

Currently, in vivo animal models do not exist to investigate how the airway epithelium 

promotes lung fibrosis, contributing to airway remodeling in asthma.  

1.3.12: Current Models of Asthma 

A careful examination of the data connecting airway epithelial abnormalities to 

asthmatic airway remodeling supports a causative relationship between abnormal 

epithelial regenerative processes and fibrosis in allergic animal models of asthma using 
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ovalbumin sensitization
159,160

.  However, human studies with truly diseased cells and 

tissues have been limited to in vitro data
161,162

. Further, animal models for asthma involve 

immune activation that obscures direct examination of the epithelial-mesenchymal 

trophic unit, thought to be critical for asthmatic airway remodeling
163

. To directly and 

adequately study the epithelial-mesenchymal trophic unit and its role in airway 

remodeling in asthma requires an in vivo airway system of: 1) human diseased airway 

epithelium, 2) a reactive mesenchyme, and 3) the absence of a functional immune system. 

Although attempts have been made to ñhumanizeò animal lungs
164

, no current asthma 

model meets all three of these requirements. The inadequacy of current animal models for 

asthma and other respiratory diseases is a major factor in the failure of promising drug 

candidates to translate from animal models to humans
165

. In fact, the cumulative 

probability of a new respiratory drug reaching the marketplace is less than half that for 

drugs targeting diseases in other organ systems
165

. 

For the second study of this dissertation, we describe the development of an 

animal model for asthma ï a human asthmatic airway epithelial xenograft system. These 

xenografts integrate a proliferating and differentiating human asthmatic airway 

epithelium with a reactive rodent mesenchyme in an immunocompromised murine host. 

We show in this model, that asthmatic epithelium alone is sufficient to drive aberrant 

mesenchymal remodeling.  

This model provides an experimental system to study intercellular communication 

between the epithelium and mesenchyme that may contribute to airway remodeling 

(outlined in the third study of this dissertation). We hypothesize that exosomal signaling 

from asthmatic airway epithelium to the mesenchyme could contribute to fibrotic 
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development in the underlying mesenchyme, contributing to airway remodeling in 

asthma. To test this hypothesis, we investigate intercellular communication in our in vivo 

xenograft model to determine if mediators secreted from airway epithelium promote 

fibrotic changes in the underlying mesenchyme.  

In order to fully investigate exosomal communication, we established techniques 

using an adipose tissue mode (study 1). Investigation of adipose-tissue derived exosomes 

from obese subjects provided useful information on a mechanism by which exosomes 

may contribute co-morbidities of obesity such as asthma.  

 

  



29 
 

1.4: The Relationship of Obesity and Asthma 

1.4.1: Public Health Epidemics 

Obesity and asthma are both major public health epidemics in the United States, 

with the increase in obesity paralleling an increase in the incidence of asthma
166,167

. Both 

of the epidemics are poorly investigated and thus are unclear in their relationship to each 

other. Obese asthmatics comprise one of the main phenotypes of asthma distinguished by 

the International Panel of Experts in 2014 Global Initiative for Asthma Guidelines
168

.  

Pre-existing obesity is a risk factor for developing asthma in both atopic and non-atopic 

individuals.  

Two types of asthma are prevalent in obese subjects, distinguished by age of onset 

and clinical presentation. The first type is early-onset asthma in obese, which presents 

before the age of 12 years old with no sex preference and is characterized by severely 

decreased pulmonary function, significant airway hyperresponsiveness, and poor asthma 

control
169

. This type of asthma is atopic with increased serum immunoglobin E (IgE) and 

airway inflammation is eosinophilic. The second type, in contrast, is obese late-onset 

asthmatics, which become symptomatic after the age of 12 and are predominantly 

females without atopic characteristics
169

. These obese asthmatics have the poorest 

response to standard asthma therapy
169

. Hormones such as leptin and adiponectin are 

implicated in asthma development as a result of obesity
169

. Increased levels of leptin are 

associated with severity of exercise-induced bronchoconstriction
170

, higher prevalence of 

asthma in pre-pubertal boys
171

 , as well as peri- and post-pubertal girls
172

. Decreased 

levels of adiponectin, an anti-inflammatory hormone that is low in obese populations
173

, 
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may also account for the higher prevalence of asthma in obese subjects
169,174

. 

Adiponectin inhibits pro-inflammatory cytokines such as TNF-a and interleukin 16 ((IL)-

16)
174

, which are implicated in asthma
175,176

. 

1.4.2: Treatment of Obese-asthmatics 

Management of asthma coexisting with obesity is more difficult and less effective 

than asthma management in normal-weight asthmatics
34

. The reasons for these treatment 

effects are unclear. However, it is thought that obesity results in more severe asthma 

symptoms such as wheezing and shortness of breath due to obesity-dependent changes on 

lung mechanical properties (increased work of breathing) and altered responses to asthma 

medications. Obese-asthmatics also experience attenuated clinical response to ICS
177-179

. 

The possible role of inflammatory cytokines, mediators, and hormones may explain this 

resistance to medications. Asthma-related outcomes in obese asthmatics are improved 

with weight loss, therefore weight loss should be an important intervention in the 

treatment of obese asthmatics. Adipocyte-derived exosomes may be a signaling 

interference to the lung, making treatment difficult without weight loss, and therefore 

alteration of adipocyte-derived exosomal signaling.  

1.4.3: Exosomal Contributions to Asthma 

Recent studies demonstrate that exosomes from bronchoalveolar lavage fluid 

(BALF) of patients with asthma differ in phenotype and function as compared to those 

from healthy subjects
73

. In lung epithelial cells, exosomes induce cysteinyl leukotriene 

and interleukin 18 ((IL)-18) release, an effect that was shown to be significantly higher in 

asthmatic patients compared to healthy control subjects
73

. In addition, a study 
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demonstrated the dysregulation of exosomal microRNAs in exosomes from BALF due to 

asthma
180

. This study revealed that these differentially altered exosomal microRNAs in 

asthma regulated cytokines important in the development of asthma such as interleukin 

13 ((IL)-13). The let-7 family
181

 was also among the most prominent microRNAs driving 

the separation between the asthmatic and healthy control subjects, along with the miR-

200 family (involved in EMT and implicated in airway remodeling)
182

.  
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1.5: Significance and Specific Aims:   

Exosomes are important intercellular communicators contributing to obesity, 

obesity-related comorbidities, and asthma. To investigate exosomal intercellular 

communication, we first developed and optimized techniques to isolate, quantify, and 

characterize exosomes using readily available homogeneous adipose tissue from subjects 

undergoing bariatric surgery. While developing these techniques, we discovered a 

possible mechanism by which obese adipose-derived exosomes may be capable of 

directly promoting end-organ disease and contributing to obesity-related comorbidities 

such as asthma. The investigation of adipose-derived exosomes is also important to 

understanding the link between obesity and asthma, both global epidemics increasing 

rapidly in prevalence.  

Our xenograft model is the first in vivo system to decipher possible mediators 

between the epithelium and mesenchyme, contributing to airway remodeling.  A study by 

Swartz, et al.
183

 utilized a model of compressive stress on airway epithelial cells that 

included a layer of reporter fibroblasts at the base of the transwell used for Air-Liquid 

Interface (ALI) culture. In this in vitro model, the reporter cells were bathed in culture 

medium conditioned by epithelial cells in ALI culture that had been mechanically 

stressed. This model demonstrates that mechanical stress on the epithelial cells in ALI 

culture was associated with the release of fluid-phase signals/mediators contributing to 

the proliferation of reporter fibroblasts and the production of collagen type I and II from 

these cells (a feature of fibrosis and airway remodeling in asthma). This study indicates 

that airway remodeling is induced in vitro with the absence of inflammatory cells and is 

induced by mediators present in conditioned media from stressed/injured airway 
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epithelial cells. To date, in vitro studies only exist demonstrating airway epithelial cell 

mediators promoting fibrosis and airway remodeling in the mesenchyme. Our laboratory 

suggests that intercellular communication via exosomes are the mediators resulting in 

fibrotic changes in the underlying mesenchyme, inducing airway remodeling and 

underlying matrix deposition in asthma.  

We tested this hypothesis with the following aims by developing exosomal 

techniques (Study 1), developing an in vivo xenograft model for human airways (Study 

2), and then utilizing this model to elucidate a possible mechanism via exosomal 

intercellular communication between the epithelium and mesenchyme contributing to 

airway fibrosis and remodeling (Study 3). These aims are outlined below:     

1.5.1: Aim 1 (Study 1) - Develop techniques to isolate, characterize, and quantify 

adipocyte exosomes shed from obese and lean ex vivo adipose tissue cultures. 

Rationale: Recently, extracellular communication via exosomes has garnered 

attention as an important method of intercellular communication. Exosomes are 

actively shed endocytic vesicles that contain and transport functional mRNAs, 

microRNAs, and proteins between cells, both in the microenvironment and over 

larger distances within the body
184,185

.  Exosomal RNAs are functional and may 

influence the phenotypes of the recipient cell
61

.  Exosomes play an important role 

in intercellular communication that could directly contribute to the pathogenesis 

of diseases such as asthma and obesity.  

Hypothesis: We hypothesize that visceral obese adipocytes shed exosomes that 

contain mediators capable of activating end-organ inflammatory and fibrotic 
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signaling pathways. 

 

Å Aim 1a. Develop techniques to isolate, characterize, and quantify 

exosomes. 

Å Aim 1b. Validate select differentially expressed microRNAs. 

Å Aim 1c. Identify target biological pathways affected by obesity, based on 

predicted mRNA targets of differentially expressed microRNAs. 

1.5.2: Aim 2 (Study 1) - Determine mRNA expression of TGF-ɓ and Wnt/ɓ catenin 

signaling pathway mediators in airway fibroblasts after exposure to exosomes from 

obese visceral adipose. 

Rationale: We expect that the lung is exposed to specific microRNAs known to 

target TGF-ɓ and Wnt/ɓ catenin signaling pathway mediators in primary airway 

cell types. We aimed to understand which obese visceral microRNAs target 

specific mRNAs in the TGF-ɓ and Wnt/ɓ catenin signaling pathway in airway 

fibroblasts, important cells involved in airway remodeling and fibrosis. 

Hypothesis: We hypothesize that obese visceral adipose-derived exosomes target 

TGF-ɓ and Wnt/ɓ catenin signaling pathway mediators in airway fibroblasts, 

resulting in functional mRNA changes.  

Å Aim 2a. Demonstrate uptake of adipose-derived exosomes in human 

airway fibroblasts. 
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Å Aim 2b. Expose airway fibroblasts to obese visceral adipocyte exosomes 

for 24 hours. We used microRNA predicted targets (Aim 1) to identify 

TGF-ɓ and Wnt/ɓ catenin-associated mRNAs. 

1.5.3: Aim 3 (Studies 2 and 3) - Develop clinically relevant in vivo Xenograft model. 

Rationale: Our preliminary studies used in vitro human primary differentiated 

asthmatic airway epithelia at the air-liquid interface. However, to directly and 

adequately study the epithelial-mesenchymal trophic unit and its role in airway 

remodeling in asthma required an in vivo airway system of: 1) human diseased 

airway epithelium, 2) reactive mesenchyme, and 3) the absence of a functional 

immune system. Therefore, we aim to develop an in vivo xenograft model 

incorporating all three components: a human asthmatic airway epithelium, a 

reactive mesenchyme, and the absence of a functional immune system. In effect, 

this xenograft model will add to underlying tissues to our airway epithelia in an in 

vivo setting. We can use this xenograft model to validate our initial in vitro model 

of asthmatic airway epithelial induced fibrosis and matrix deposition via TGF-ɓ1 

and then use this xenograft model to see if exosomal intercellular communication 

occurs between the epithelium and mesenchyme, promoting underlying matrix 

deposition. 

Hypothesis: We hypothesize that in our developed in vivo xenograft model that 

epithelial regeneration in asthma induces underlying matrix fibrosis. We also 

hypothesize that exosomal intercellular communication occurs between the 

airway epithelium and the underlying mesenchyme, contributing to airway 
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fibrosis and remodeling. 

Å Aim 3a. Development of in vivo xenograft model demonstrating asthmatic 

epithelial altered morphological differentiation and regeneration driving 

underlying changes in matrix.  

Å Aim 3b. Define the sequence of asthma-specific activation of TGF-

ɓ1using the xenograft asthmatic model time series (2, 4, and 6 weeks). 

Outputs will assess protein expression of receptor-regulated SMAD (R-

SMAD) and TGF-ɓ1activity. 

Å Aim 3c. Determine airway epithelial exosome effect on matrix fibroblasts 

using in vivo xenograft model. 
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Chapter 2: Materials and Methods 

2.1: Study 1 ï Adipose-derived Exosomes 

2.1.1: Study Participants for Adipose-Derived Exosomes 

Participants were young females, 11ï19 years old. Obese subjects were recruited 

from our adolescent bariatric surgery program and lean subjects were selected from a 

convenience sample of patients undergoing unrelated abdominal procedures. The clinical 

criterion for obesity was a BMI >30 kg/m2 and for lean was a BMI <25 kg/m2. These 

measures were used since definition by childhood obesity measures would not provide 

adequate differentiation between obese subjects. Obese participants underwent a 2-wk 

protein-sparing modified fast in the immediate period prior to surgery. All patients (both 

lean and obese) were fasted 8 hours prior to surgery. Patients were not on any noteworthy 

medications. BMI was calculated from height and weight measurements taken on day of 

surgery for all patients. Visceral adipose was excised from the omentum and 

subcutaneous adipose from the anterior abdominal wall incision site. All clinical 

investigations were Institutional Review Board (IRB) approved. Informed consent was 

obtained from participants or assent from parental guardians. The study enrolled only 

female participants with age-matched lean controls in an effort to eliminate confounding 

effects due to sex differences, as in previously published studies
186

.  

2.1.2: Adipose-derived Exosome Isolation 

Visceral and subcutaneous adipose samples collected intraoperatively from obese 

and lean patients were promptly cultured using a published protocol
71

. To isolate 

exosomes, visceral and subcutaneous adipose tissue were washed with PBS and cut into 4 
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millimeter cubed (mm3) pieces, transferred to 12-well plates containing 3 mL/well of 

Dulbeccoôs modified Eagles medium (Invitrogen, Carlsbad, CA) supplemented with 50 

ɛg/mL gentamicin (Sigma Aldrich, St. Louis, MO). The culture supernatant was 

centrifuged at 3,000g for 15 min to remove cells and cellular debris. Exosomes were then 

isolated from cultured supernatants using ExoQuick-TC Precipitation Solution (System 

Biosciences, Mountain View, CA) and filtered through a 200 nanometer (nm) filter 

(Sarstedt, Nümbrecht, Germany) (schematic shown in Figure 4). 
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Figure 4: ex vivo Surgically -Acquired Human Adipose Culture . Obese and Lean 

visceral and subcutaneous adipose tissue was cultured for 1 hour in serum free media. 

Supernatant was collected with secreted exosomes, pooled in a 50 mL conical tube, and 

then aliquoted and stored in -80°C in 1 mL aliquots. Exosomes were isolated using 

ExoQuick-TC and filtered through a 200 nm filter. 
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2.1.3: Nanoparticle Tracking 

The sizes and zeta potentials of the exosomes were determined using a Zetasizer 

Nano ZS (Malvern Instruments, Worcestershire, UK). Sizing of exosomes was performed 

using a 10 ɛg/ml suspension of the exosomes in Milli-Q water (Millipore, Billerica, MA). 

Zeta potential of the exosomes was measured using the Smoluchowski diffusion 

equation. The Smoluchowski diffusion equation describes the flow of ions dissolved in a 

liquid, with an electric field pulling the ions in a direction to measure their zeta 

potentials
187

.  

2.1.4: Quantification of Exosomes  

A novel bead-based flow cytometry quantification assay was adapted from Lässer 

et al.
188

 (shown in Figure 5). Isolated adipose-derived exosomes and exosomal standards 

(HansaBiomed, Tallinn, Estonia) (0.6, 3, 4.5, 6, 10, and 12 (microgram) ɛg 

concentrations) were labeled with PKH67 Green Fluorescent Cell Linker Kit for General 

Cell Membrane Labeling (Sigma Aldrich, St Louis, MO) using exosome-depleted Fetal 

Bovine Serum (Lonza, Walkersville, MD)
189

 and bound to latex beads (Invitrogen, 

Carlsbad, CA) coated with anti-CD63 clone H5C6 (BD Biosciences, San Jose, CA). Data 

were acquired using a FACSCaliber flow cytometer and analyzed using FlowJo 

(TreeStar, Ashland, OR). 

  

https://en.wikipedia.org/wiki/Electric_field
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Figure 5: Exosome Quantification Technique. (a) Isolated exosomes and exosomal 

standards (HansaBiomed, Tallinn, Estonia) (0.6, 3, 4.5, 6, 10, and 12 ɛg/mL 

concentrations) were labeled with and bound to latex beads coated with anti-CD63. Data 

were acquired using a FACSCaliber flow cytometer and analyzed using FlowJo. (b) 

Depiction of the bead-based flow cytometry technique: Increasing exosomal 

concentration results in increased number of exosomes attached to beads, therefore 

proportionally increasing geometric mean fluorescence intensity of PKH67 staining. 

  

  

0

2

4

6

8

10

12

14

0 5 10 15

E
x
o
s
o
m

e
s
 
(Õ

g
/m

L
)

Fluorescence Intensity (Geometric Mean)

A B

0

2

4

6

8

10

12

14

16

18

20

Lean SQ Lean 
Visceral

Obese SQ Obese 
Visceral

E
x
o
s
o
m

e
s
 
(Õ

g
/m

L
)

*

0

5

10

15

20

25

0 20 40 60

V
is

c
e
ra

l 
E

x
o
s
o
m

e
s
 (
Õ

g
/m

L
)

BMI

DC

E
x
o
s
o
m

e
s
 
(Õ

g
/m

L
)

Fluorescence Intensity (Geometric Mean)

A 

B 



42 
 

2.1.5: Characterization of Adipose-Derived Exosomes 

Adipose-derived exosomes were characterized using the Lässer et al. protocol for 

characterizing exosomes
188

 (shown in Figure 6). Isolated adipose-derived exosomes were 

bound to latex beads (Invitrogen, Carlsbad, CA) coated with anti-CD63 clone H5C6 (BD 

Biosciences, San Jose, CA). The bead-bound exosomes were then characterized as to 

their cells of origin using the following antibodies: for a mature adipocyte marker we 

stained for Polyclonal Rabbit Anti-FABP4 (Bioss, Freiburg, Germany), for a macrophage 

marker we stained for Anti-CD14-PE Clone M5E2 (BD Biosciences, San Jose, CA), and 

for a preadipocyte marker we stained for Anti-DLK/Pref-1-FITC Clone 24-11 (MBL 

International, Woburn, MA) bound to Goat Anti-Rabbit IgG-Alexa Fluor 700 (Life 

Technologies, Carlsbad, CA) with appropriate isotype controls: PE Mouse IgG2aə Clone 

G155-178 (BD Biosciences, San Jose, CA), Rabbit Anti-IgG (antibodies-online.com, 

Atlanta, GA), and Rat Anti- IgG1-FITC Clone LO-DNP-1 (MBL International). We also 

stained for endothelial marker Anti-CD31-Alexa 488 Clone M89D3 (BD Biosciences, 

San Jose, CA) with appropriate isotype control: Mouse IgG2a, ə Alexa Fluor 488 Clone 

G155-178 (BD Biosciences, San Jose, CA). 
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Figure 6: Exosome Characterization Technique. Isolated adipose-derived exosomes 

were bound to latex beads coated with anti-CD63. The bead-bound exosomes were then 

characterized using FABP4, CD14, and Pref-1 antibodies. Data were acquired using a 

FACSCaliber flow cytometer and analyzed using FlowJo to determine expression of cell 

type specific markers. 
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2.1.6: Isolation of circulating adipocyte-derived exosomes in blood 

We also isolated total exosomes from blood (10 mL of blood, n = 4). From total 

blood, we isolated serum (5 mL each donor). We then isolated exosomes using the 

ExoQuick Precipitation Solution (Systems Biosciences). We filtered the total exosomes 

through a 200 nm filter (Sarstedt) to ensure that the vesicles isolated are within the 

typical size range of exosomes. We characterized these exosomes using methods similar 

to those described above for FABP4. As shown previously, FABP4 is the standard 

adipocyte-derived surface marker for exosomes isolated from ex vivo adipose tissue 

secretions
35

. 

2.1.7: Macrophage Immunohistochemistry Characterization of Adipose Tissue 

Visceral and subcutaneous adipose were stained for M1 and M2 macrophages, 

since adipose macrophage activation state (proinflammatory, or M1, vs. anti-

inflammatory, or M2) has been shown to play a key role in obesity-mediated mechanisms 

in previous studies
190

. Flash frozen visceral and subcutaneous adipose samples were cut 

into 5 ɛm sections (Histoserv, Germantown, MD) for M1:M2 Macrophage 

immunohistochemistry staining using a previously established protocol
190

. Antibodies 

targeting M1 and M2 macrophages subtypes, respectively, were used: CD40 Clone 5C3 

(BD Biosciences, San Jose, CA), CD206 Clone 19.2 (BD Biosciences, San Jose, CA), 

and CD163 Clone EDHu-1 (Abdserotec, Oxford, UK). Stained cells were counted in 

three sections per condition and adipose depot at 20× magnification and the mean was 

then calculated. 

2.1.8: Exosome Uptake Immunofluorescence 
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Non-asthmatic and asthmatic airway fibroblasts (from endobronchial biopsy 

tissue) (n = 2) were applied (6,500 cells/well) to eight-well Mil licell EZ slides. Cultures 

were proliferated in standard media (Dulbecco's Modified Eagle Medium (DMEM): 

1x DMEM plus 4.5 g/L D-glucose and L-glutamine; minus sodium pyruvate (Life 

Technologies, Carlsbad, CA) to 80% confluence over 24 hours. We labeled obese 

visceral adipocyte exosomes with PKH26 for 30 min followed by washes and 

resuspension at a final concentration of 2 ɛg/ml. We exposed the airway fibroblast cells 

to the PKH26- labeled exosomes for 24 hours. We then fixed the slides using 4% 

paraformaldehyde and added DAPI nuclear stain for viewing and imaging. The chamber 

slides and exosomes were visualized with an Olympus BX61 upright bright 

field/fluorescent imaging microscope (Olympus, Center Valley, PA). 

2.1.9: RNA Extraction and Amplification 

We extracted total RNA from adipose-derived exosomes and non-asthmatic and 

asthmatic human bronchial epithelial exosomes using mirVana microRNA Isolation Kits 

(Life Technologies, Carlsbad, CA) and amplified total RNA with the Complete Seramir 

Exosome RNA Amplification Kits from Media and Urine (System Biosciences, 

Mountain View, CA) according to manufacturerôs instructions We verified amplified 

exosomal RNA using 1.5% agarose gel electrophoresis according to manufacturerôs 

instructions and using appropriate validated endogenous controls for qRT-PCR 

validations (u6snRNA). Non-asthmatic and asthmatic airway fibroblast cellular RNA was 

isolated and purified using the mirVana Total RNA Isolation Kits (Life Technologies, 

Carlsbad, CA) according to manufacturerôs instructions and amplified total RNA with 

IlluminaÈ TotalPrepÊ RNA Amplification Kit (Thermo Fisher Scientific, Waltham, 
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MA). We accepted samples of RNA quality determined by Nanodrop1000 (Thermo 

Scientific, Wilmington, DE) with absorbance ratios for UV 260/280 Ó2.0 and 260/230 

between 1.8 and 2.2. 

2.1.10: Adipose-derived Exosomal microRNA Global Analysis 

We used the Agilent 2100 Bioanalyzer RNA Pico Chip (Agilent Technologies, 

Santa Clara, CA) and TaqMan Gene Expression Assays (Applied Biosystems, Foster 

City, CA) for detection of GAPDH mRNA. We used TaqMan Small RNA Assays 

(Invitrogen, Life Technologies) to verify u6snRNA expression. We labeled RNA with 

Affymetrix FlashTag Biotin HSR RNA Labeling Kit (Affymetrix, Santa Clara, CA) and 

ran according to standard procedures. Labeled RNA was hybridized to Affymetrix 

GeneChip microRNA 3.0 arrays which were run using the Fluidics Station 450 Protocol 

(FS450_002) (Affymetrix, Santa Clara, CA). Resulting data were analyzed in Expression 

Console using RMA+DMBG (Affymetrix) and then exported it to Partek Genomics Suite 

(Partek Incorporated, St. Louis, MO) for analyses. Only mature human microRNAs (N = 

1,733) were retained for statistical comparison between groups (as the Affymetrix 3.0 

microRNA arrays contain microRNA from multiple species). Three-factor Analysis of 

covariance (ANCOVA) (ID*group (obese vs. lean)*adipose depot; with age covariate) 

was used to compare microRNA expression, using unadjusted P Ò 0.05 and fold change 

Ó|1.2| as filters. Main effects for group (obesity-state) and tissue depot were generated 

along with their interaction term. As a part of the overall ANCOVA, specific within- 

group (depot effects within obese or lean) and within-tissue (obesity effects within depot) 

contrasts were used. Given the relatively small number of comparisons for array analyses, 

we did not use a False Discovery Rate cutoff, as the purpose of this initial scan was to 
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generate a robust list for pathway analysis (in which type I or false positive results are 

minimized given the improbability of finding related elements as independent errors). 

Instead, we used lower cutoffs within downstream pathway analyses. 

In Ingenuity Pathways Analysis software (Ingenuity), predicted targets were 

generated from significantly dysregulated microRNAs using bioinformatics databases
191

. 

First, significant microRNAs were uploaded from ANCOVA into Ingenuity Pathways 

Analysis software (Ingenuity)
191
. These were processed by Ingenuityôs microRNA Target 

Filter analysis tool, generating target mRNA lists from only experimentally verified or 

highly conservative predicted targets (a stringent cutoff). Resultant mRNA lists were 

analyzed for the representation of common biological pathways using Ingenuityôs core 

analysis function and a stringent cutoff for pathway representation at P Ò 0.01
191

. The p-

value associated with a biological pathway is a measure of the likelihood that the 

association between a set of focus genes in the experiment and a given process or 

pathway is due to random chance. The smaller the p-value, the less likely that the 

association is random, and the more significant the association
191

. The p-value is 

calculated using the right-tailed Fisher Exact Test. This test calculates the p-value  by 

considering (1) the number of focus genes that participate in that process or biological 

pathway and (2) the total number of genes that are known to be associated with that 

process or biological pathway  in the selected reference set
191

. The more focus genes 

involved, the more likely the association is not due to random chance and thus the more 

significant the p-value
191

. 

2.1.11: Non-Asthmatic and Asthmatic Fibroblast Global mRNA Profiling  
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Exosomes from surgically-acquired obese visceral adipose depots (n = 4) were 

isolated from original donors previously tested for microRNA expression (Affymetrix 

microRNA 3.0 array). 2. 8 µg/ml concentration of exosomes were then incubated with 

80% confluent non-asthmatic and asthmatic fibroblasts (n = 1) (cultured in serum-free 

DMEM (Thermo Fisher Scientific, Waltham, MA)) for 24 hours and compared to vehicle 

control to identify gene expression (mRNA) changes using Illumina HumanHT-12 v4 

Expression BeadChips (Illumina, San Diego, CA). We generated microRNA-mRNA 

interaction tree-maps using miRTarVis (a visual analytics tool for integrated analysis of 

microRNA and mRNA expression profiles with microRNA target prediction 

algorithms)
192

. One of the major advantages of miRTarVis is that it enables application of 

multiple analytical algorithms to the data. Normalized, background-subtracted microRNA 

and mRNA expression data were imported into miRTarVis and filtered (both 

differentially expressed microRNAs and mRNAs were significant p Ò 0.05) for a paired 

two-tailed t-test with p Ò 0.05. Multiple prediction algorithms (i.e. Pearson correlation, 

MINE, GeneMiR++, and TargetScan) were applied, selecting for the top 1,000 negative 

correlations or top 100 opposite change direction in each
192

. The intersection among them 

was identified. 

2.1.12: qRT-PCR 

Individual MicroRNA Assays (Life Technologies, Carlsbad, CA) were used for 

confirmation of the following microRNAs: miR-23b, miR-148b, miR-4269, and miR-

4429. Specifications for the TaqMan MicroRNA Assays include: TaqMan MicroRNA 

Reverse Transcription Kit (Life Technologies, Carlsbad, CA), TaqMan PreAmp Master 
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Mix (2X) (Life Technologies, Carlsbad, CA), and the TaqMan Universal Master Mix II, 

No AmpErase UNG (2X) (Life Technologies, Carlsbad, CA). 

Non-asthmatic and asthmatic fibroblast RNA was processed with the High 

Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA), TaqMan 

Gene Expression Master Mix (Life Technologies, Carlsbad, CA), and the TaqMan Gene 

Expression Assays for ACVR2B and GAPDH (endogenous control) (Life Technologies, 

Carlsbad, CA). All microRNA and mRNA results were analyzed with SDS (Applied 

7900HT Fast Real-Time PCR System, (Life Technologies, Carlsbad, CA) and Microsoft 

Excel 2013 (Microsoft, Redmond, WA). 

 

  



50 
 

2.2: Study 2 ï Development of in vivo Xenograft Model 

2.2.1: Study Approval for Animals 

All animal studies were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Childrenôs National Health System. 

2.2.2: Cells and Tissues for in vivo Xenograft Model 

Non-asthmatic (n = 5) and asthmatic (n = 5) human primary bronchial airway 

(i.e., tracheobronchial) epithelia were obtained commercially (CC-2540, 1914911; Lonza 

Inc., Walkersville, MD). The cells were then grown to 85% confluence in T25 flasks 

(Corning Inc., Corning, NY) coated with bovine collagen type 1 (100 

microgram/milliliter (ɛg/mL) at pH 7.4±0.2) (Life Technologies, Carlsbad, CA).Rat 

tracheas were harvested from 10-week old male 200-250 gram (g) Fisher 344 rats 

(Charles River Lab, Inc., Wilmington, MA) and decellularized via three freeze-thaw 

cycles. Non-transplantable human lungs from non-asthmatic and asthmatic donors were 

donated for research through the International Institute for the Advancement of Medicine. 

Large conducting airways were isolated via blunt dissection then formalin-fixed and 

paraffin embedded. We compared non-transplantable human lung biopsy tissue to our 

xenograft model to establish a new animal model of asthma, with replication of many 

features of human asthma.  

2.2.3: Xenograft Construction 

Xenograft cassettes were constructed from segments of silicone elastomeric 

tubing (Dow Corning, Midland, MI), polytetrafluoroethylene tubing (Thomas Scientific, 

Swedesboro, NJ), adapter tubing (0.8 millimeter (mm) barb-to-bard connector) (Bio-Rad 
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Laboratories, Inc., Hercules, CA), and chrome wire plugs (Chromel A steel wire, 0.035 

inch diameter) (Fisher Scientific, Waltham, MA). The assembled cassettes were placed in 

a 100-mm tissue culture plate (Sigma, St. Louis, MO) in a sterilization pouch (Fisher 

Scientific) for ethylene oxide sterilization (Blue Line Sterilization Services, Novato, CA). 

The decellularized tracheas were ligated to the adapter tubing at both ends and securely 

tied with 2-0 silk sutures (Ethicon, Somerville, NJ). The assembled xenograft cassettes 

were seeded with 2 x 10
6 
human airway epithelial cells and then implanted 

subcutaneously in the flanks of male 20-25g Nu/Nu athymic mice (The Jackson 

Laboratory, Bar Harbor, MA) (Figure 7). Additional xenografts served as acellular 

controls and were seeded with media only. Xenografts were flushed weekly with 

prewarmed (37°C) 1 mL Ham's F12 (Lonza Inc.) and twice with 1 mL of room air.  

Xenografts were harvested at two, four, and six weeks after seeding and split for storage 

as either flash-frozen or formalin-fixed and paraffin embedded (FFPE) tissue. All 

experimental protocols were approved in compliance with institutional human and animal 

subject protections. 
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Figure 7: in vivo Xenograft Model of Human Airways. Xenograft of human airway 

epithelial model for investigating fibrosis. The assembled plastic xenograft cassettes were 

seeded with human non-asthmatic and asthmatic airway epithelial cells (N = 5) and then 

implanted subcutaneously in the flanks of male Athymic Nude (Nu/Nu) mice. 
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2.2.4: Xenograft Immunohistochemistry  

Xenograft and human airway FFPE sections were deparaffinized, hydrated 

through a graded ethanol series, immersed in distilled water (dH2O) for five minutes 

followed by heat-induced target retrieval for 15 minutes in citrate buffer. Slides were 

cooled to room temperature for 30 minutes. Sections were rinsed in dH2O three times for 

five minutes each and then in 0.3% Triton in 1X Phosphate-buffered saline (PBS) for five 

minutes. Sections were stained for immunohistochemistry as described previously
193

 

using an anti-E-cadherin monoclonal antibody (Clone Number: sc-8426, Santa Cruz 

Biotechnology, Dallas, Texas), Alcian blue (counterstained with 1% neutral red), 

hematoxylin, and Massonôs Trichrome. For each group five images per section were 

captured by phase-contrast digital microscopy (Spot Imaging Solutions, Sterling Heights, 

MI) and two sections from each xenograft were analyzed (n=5 xenografts per group) by a 

blinded observer for % positive staining per unit length of basement membrane using 

Image-Pro Plus (Media Cybernetics, Rockville, MD). In Alcian blue-stained sections, 

ciliated and mucus positive cells were determined by point counting using Image-Pro 

Plus.  

2.2.5: Xenograft Immunofluorescence (TGF-ɓ1/Smad3/TGF-ɓ2/EGF) 

FFPE sections were blocked with 5% normal goat serum (Life Technologies) and 

5% normal rat serum (Life Technologies) in 0.3% Triton in 1X PBS for one hour. Biotin-

conjugated anti-TGF-ɓ1 polyclonal antibody (LifeSpan BioSciences, Inc., Seattle, WA), 

rabbit anti-Smad3 (phospho S423 + S425) monoclonal antibody (Clone Number: 

EP823Y, Abcam, Cambridge, England, UK), or unconjugated rabbit anti-TGF-ɓ2 

polyclonal antibody (Thermo Fisher Scientific, Waltham, MA), and/or chicken anti-EGF 
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(Epidermal Growth Factor, N Term) polyclonal antibody (antibodies-online, Inc., 

Atlanta, GA) were hybridized overnight in a humidified chamber. Sections were washed 

three times in 0.3% Triton in 1X PBS for five minutes, and incubated in a humidified 

chamber with secondary antibodies: Streptavidin Alexa Fluor® 488 (Life Technologies), 

goat anti-rabbit IgG H&L (Texas Red ®) polyclonal antibody (Abcam), anti-rabbit IgG 

H&L (Texas Red ®) polyclonal antibody (Abcam), or goat anti-chicken IgY H&L (Alexa 

Fluor® 488) (Abcam). Nuclei were counterstained with 4',6-diamidino-2-phenylindole 

(DAPI) and slides were mounted with Prolong Gold Anti-fade reagent (Life 

Technologies). We used Image J software
194

 to determine average pixel count for each 

fluorescent channel and then converted to a ratio of expression by dividing by total pixel 

count in the visualized area of tissue. 

2.2.6: Xenograft Immunofluorescence (Ŭ-SMA) 

Immunoperoxidase staining was performed on rehydrated xenograft sections 

using heat-based antigen retrieval with citric acid pH 6.0 (Antigen Decloaker, Biocare 

Medical, Concord, CA) followed by incubation in a 1:800 dilution of a rabbit polyclonal 

anti-Ŭ-SMA monoclonal antibody (Clone Number: ab5694, Abcam) and 1:800 dilution of 

AlexaFluor donkey anti-rabbit IgG antibody (Life Technologies). Nuclei were 

counterstained with DAPI and slides were mounted with Prolong Gold Anti-fade reagent 

(Life Technologies). 

2.2.7: Xenograft Fluorescence in situ hybridization  

Xenograft tissue sections from six weeks post-engraftment were deparaffinized, 

hydrated through a graded ethanol series, immersed for one minute in 1% Tween 20 
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followed by heat-induced target retrieval for 15 minutes in citrate buffer. Slides were 

cooled to room temperature for 30 minutes and placed into PBS with 0.1% Tween (MP 

Biomedicals Inc., Santa Ana, California) for five minutes. Fluorescent in situ 

hybridization was performed on sections by co-hybridization of a custom made N-

Terminal Cy3-labeled peptide nucleic acid (PNA) probe that recognizes all mammalian 

telomeres (TelC telomere probe (CCCTAACCCTAACCCTAA) C-rich/leading strand 

(PNA Bio Inc., Thousand Oaks, CA) and two N-Terminal FAM-labeled PNA probes (N-

ATTCGTTAAACGGGA-C and N_CACAAAGAAGTTTCTGAC-C (PNA Bio Inc.) that 

recognize both human and murine centromeres, but do not recognize rat centromeres. 

PNA probes were applied simultaneously at 300 ng/mL in 70% formamide (Promega, 

Madison, WI) with 10 mM Tris pH 7.5 (USB Corporation, Cleveland, OH), and 0.5% 

Blocking reagent (Roche, South San Francisco, CA). Tissue was denatured at 83 °C for 

four minutes followed by two-hour hybridization at room temperature. Sections were 

washed twice at room temp for 15 minutes with PNA wash buffer containing 70% 

formamide, 10 mM Tris pH 7.5, and 0.1% BSA (Sigma, St. Louis, MO), followed by 

three five-minute washes with PBS with 0.1% Tween. Nuclei were counterstained with 

DAPI and slides were mounted with Prolong Gold Anti-fade reagent (Life Technologies). 

2.2.8: Xenograft Second Harmonic Generation  

FFPE sections were counterstained with hematoxylin for visualization and then 

imaged using second harmonic generation (SHG) microscopy to determine fibrillar 

collagen as previously described
195

. A mode-locked femtosecond Ti: Sapphire Tsunami 

(Spectra-Physics, Newport Corporation, Irvine, CA) was used for the experiments. The 

excitation wavelength was tuned to 800 nm. The laser beam was focused on the specimen 
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through a Leica water immersion objective, 63X/1.2NA. Leica Software (Leica 

Microsystems, Heerbrugg, Canton St. Gallen, Switzerland) was used for the image 

acquisition. A short pass filter was used to prevent the scattering radiation from reaching 

the detector and a long pass dichroic beam splitter was used to separate SHG signal from 

the multiphoton excited fluorescence (MPEF) signal. SHG signal in forward direction 

was captured using a non-de scanned detector. All SHG and MPEF spectral 

measurements were performed using the de-scanned photomultiplier tube detector 

located inside the scan head. For each group five images per section were captured and 

two sections from each xenograft (n=5 xenografts per group) were analyzed by a blinded 

observer. The image analysis was performed using Volocity software (Improvisions, Inc., 

Coventry, England, UK).  

2.2.9: Xenograft Statistical Analyses 

All statistical tests were performed in SPSS 23 software (IBM Corp., Armonk, 

NY) using two-tailed t-test functions of log-transformed data within time points. Results 

are reported as mean ± one standard deviation unless otherwise noted. Significance level 

was pÒ0.05. 

2.3: Study 3 - Application of Airway Epithelial Exosomes to Xenograft Model 

2.3.1: Non-asthmatic and Asthmatic Bronchial Epithelial Exosome Isolation 

Non-asthmatic (n = 3) and asthmatic (n = 3) human primary bronchial airway 

(i.e., tracheobronchial) epithelia were obtained commercially (CC-2540, 1914911; Lonza 

Inc., Walkersville, MD).  All non-asthmatic and asthmatic human primary bronchial 

airway epithelia were grown in exosome-depleted media. Media secretions were 
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collected from each donor, pooled, and then aliquoted into 1 mL aliquots for further 

exosome isolation. 1 mL of cultured supernatant was centrifuged at 3,000g for 15 min to 

remove cells and cellular debris. Exosomes were then isolated from cultured supernatants 

using ExoQuick-TC Precipitation Solution (System Biosciences, Mountain View, CA) 

and filtered through a 200 nm filter (Sarstedt, Nümbrecht, Germany). Asthmatic and non-

asthmatic bronchial epithelial exosomes were quantified with the same technique as 

above in section 2.1.4 (Figure 6). 

2.3.2: Non-Asthmatic and Asthmatic Bronchial Epithelial Exosomal microRNA 

Analysis 

We labeled RNA with Affymetrix FlashTag Biotin HSR RNA Labeling Kit 

(Affymetrix, Santa Clara, CA) and ran according to standard procedures. Labeled RNA 

was hybridized to Affymetrix GeneChip microRNA 4.0 arrays which were run using the 

Fluidics Station 450 Protocol (FS450_002) (Affymetrix, Santa Clara, CA). Resulting data 

were analyzed in Expression Console using RMA+DMBG (Affymetrix) and then 

exported it to Partek Genomics Suite (Partek, St. Louis, MO) for analyses. Only mature 

human microRNAs (N = 2,578) were retained for statistical comparison between groups 

(as the Affymetrix 4.0 microRNA arrays contain microRNA from multiple species). 

ANCOVA (ID*group (asthmatic vs. non- asthmatic) with age and sex as covariates) was 

used to compare microRNA expression, using unadjusted P Ò 0.05 and fold change Ó|1.2| 

as filters. As a part of the overall ANCOVA, specific within- group (asthmatic vs. non-

asthmatic) contrasts were used. Given the relatively small number of comparisons for 

array analyses, we did not use a False Discovery Rate cutoff, as the purpose of this initial 

scan was to generate a list for pathway analysis (in which type I or false positive results 
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are minimized given the improbability of finding related elements as independent errors). 

Instead, we used lower cutoffs within downstream pathway analyses. 

In Ingenuity Pathways Analysis software (Ingenuity), predicted targets were 

generated from significantly dysregulated microRNAs
191

. We followed similar analysis to 

above section (2.1.10). 

2.3.3: Xenograft Human Bronchial Epithelial Exosome Exposure 

Xenografts were constructed as described earlier. However, we only used 

acellular grafts for exosome xenograft exposures. We isolated non-asthmatic and 

asthmatic bronchial epithelial exosomes (n = 3, original donors previously tested for 

microRNA expression (Affymetrix microRNA 4.0 array)). After 48 hours post-surgery of 

acellular in vivo xenografts, we injected a concentration of 3 mg/mL into each graft (6 

grafts total, n = 3Non-asth/3Asth) daily for 12 days, along with appropriate acellular 

control without exosomes (media only injections).  Xenografts were harvested at 14 days 

post-surgery and split for storage as either flash-frozen or formalin-fixed and paraffin 

embedded (FFPE) tissue.  Following sections were analyzed using Massonôs Trichrome 

(following similar procedures for Massonôs Trichrome staining as described above in 

Xenograft immunohistochemistry section). Experimental timeline shown in Figure 8. 
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Figure 8: in vivo Xenograft Timeline of Exosome Exposure to Acellular Grafts. 

Acellular xenografts were injected with non-asthmatic and asthmatic bronchial epithelial 

exosomes (N = 3) 48-hours post-surgery for 12 days. Xenografts were harvested at day 

14 for analysis of Massonôs Trichrome. 
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Chapter 3: Results 

3.1: Study 1 ï Adipose-derived Exosomes 

3.1.1: Obese and Lean Subject Demographics 

Obese (n=7) and lean (n=5) adolescents were enrolled on the day of surgery. The 

mean age at the time of surgery was 15.0±0.7 years (±SEM) for obese participants and 

15.6±1.4 years for lean participants (p=0.70). Obese participants had a pre-surgery mean 

BMI of 39.8±2.0 kg/m
2
 and for lean participants the mean BMI was 23.2±0.5 kg/m

2
 

(p<0.001). All participants were female and from diverse racial backgrounds. Selected 

clinical characteristics are shown in Table 1.  
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Table 1: Demographics of Patients Enrolled in Adipose Study 

 

Age (years) Sex BMI Race 

Lean 

11 F 22 Hispanic 

13 F 22 Hispanic 

17 F 24 White 

18 F 23 African American 

19 F 25 African American 

Obese 

12 F 49 African American 

13 F 33 Hispanic 

14 F 40 White 

15.5 F 39 African American 

16 F 43 African American 

17 F 35 Hispanic 

17.5 F 50 African American 
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3.1.2: Macrophage Activation State in Obese and Lean Adipose  

Adipose macrophages have different activation states; pro-inflammatory (known 

as M1 and classically activated by interferon-ɔ or lipopolysaccharide) or anti-

inflammatory (known as M2 and alternatively activated by IL-13 or interleukin (IL-4))
190

. 

We characterized the activation state of infiltrating macrophages in the adipose from all 

participants by immunohistochemistry for M1 (i.e. CD40
+
, a macrophage surface 

receptor involved in proinflammatory pathways
190,196

) and M2 (CD163
+
 or CD206

+
) 

activation states (Figure 9). Obese visceral adipose shows a higher number of CD40
+
 

macrophages than lean visceral adipose [leansubcutaneous (mean±SEM)=1.3±0.5 events per 

field (range=0.0 to 3.3), leanvisceral=1.3±0.4 (0.7 to 2.3), obesesubcutaneous=3.3±0.6 (0.0 to 

3.3), obesevisceral=5.0±0.8 (2.7 to 8.0); comparison of leanvisceral vs. obesevisceral p=0.028] 

(Figure 10). In addition, obese subcutaneous adipose showed a higher number of 

CD163
+
 macrophages than lean subcutaneous adipose [obesesubcutaneous=1.0±0.3 (0.3 to 

2.0) vs. leansubcutaneous=0.2±0.1 (0.0 to 0.3); p=0.04]. No differences were found for 

CD206
+ 
macrophages. Consistent with previous studies

190,197
, the obese visceral adipose 

depot showed the highest M1:M2 ratio compared to every other condition (M1:M2 ratios: 

Obesevisceral=18.9, obesesubcutaneous=4.2, leansubcutaneous=5.0, leanvisceral=3.3) (Figure 11). 
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Figure 9:  M1:M2 Macrophage Immunohistochemistry of Adipose Tissues. Frozen 

sections of adipose from visceral and subcutaneous (SQ) depots were stained for CD40 

(M1), CD206 (M2), and CD163 (M2), in 7 obese and 5 lean individuals. Representative 

samples are shown at 20X magnification. 
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Figure 10: M1:M2 Macrophage Immunohistochemistry of Adipose Tissues. Obese 

visceral adipose shows a higher number of CD40
+
 (M1) macrophages than lean visceral 

adipose. In addition, obese subcutaneous (SQ) adipose has a higher number of CD163
+
 

(M2) macrophages than lean subcutaneous adipose. No significant differences were 

found for CD206
+ 
(M2) macrophages. *P-values <0.05 determined by a two-sided 

Studentôs t-test; error bars represent ±SEM 
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Figure 11:  M1:M2 Macrophage Immunohistochemistry of Adipose Tissues. The 

obese visceral adipose depot showed the highest M1:M2 ratio compared to other 

conditions.  

  

  
























































































































































































