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ABSTRACT OF THE DISSERTATION 

ROLE OF NOVEL IMMUNOREGULATORY LONG NONCODING RNAS IN 

AIRWAY EPITHELIAL PATHOPHYSIOLOGY AND CHRONIC PULMONARY 

DISEASE  

by 

Marko Manevski 

Florida International University, 2022 

Miami, Florida 

Professor Hitendra S. Chand, Major Professor 

COPD is currently the third leading cause of death globally, accounting 

for approximately 6% of all deaths in 2019, and cigarette smoke (CS) is the 

primary risk factor for disease development. 

Transcriptomic analysis of a 3D in vitro model using differentiated human 

airway epithelial cells (AECs) identified a novel lncRNA on the antisense strand 

of ICAM-1 or LASI that showed increased expression upon CS exposure. The 

lncRNA was significantly upregulated in CS-induced Rhesus macaque airways 

and in human COPD airways that exhibited higher mucus expression and goblet 

cell hyperplasia, which was recapitulated in vitro. Blocking lncRNA expression in 

cell culture setting suppressed the smoke-induced and COPD-associated 

dysregulated mucoinflammatory response suggesting that this airway specific 

immunomodulatory lncRNA may represent a novel target to mitigate the smoke-

mediated inflammation and mucus hyperexpression. 
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Additionally, not much is known about contribution of airway lncRNAs in 

COVID-19. RNA-sequencing analysis of nasal samples from COVID-19 

patients showed significantly higher expression of secretory mucin and 

inflammatory gene signatures compared to the uninfected controls. COVID-19 

patients showed elevated expression of inflammatory factors, airway mucins and 

associated transcription factors. LASI was induced in COVID-19 patients with 

high viral-load. A SARS-CoV-2 infected 3D-airway model largely recapitulated 

these clinical findings. Molecular dynamic modeling further suggested a stable 

interaction between viral RNA and LASI lncRNA. Notably, blocking LASI lncRNA 

reduced SARS-CoV-2 viral load and suppressed MUC5AC mucin 

levels. LASI lncRNA represents an essential facilitator of SARS-CoV-2 infection 

and associated airway mucoinflammatory response. 

Altogether, LASI lncRNA may represent a novel target to control the 

smoke-mediated dysregulation in airway responses and COPD exacerbations, 

as well as in viral infection-related inflammatory responses. 
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Chapter 1: Establishing a COPD Model 

Data included in this chapter has been originally published by Elsevier 

Publishing Group, “Cellular stress responses and dysfunctional Mitochondrial-

cellular senescence, and therapeutics in chronic respiratory diseases”, 2020, DOI: 

10.1016/j.redox.2020.101443 and Frontiers Publishing Group, “Increased 

Expression of LASI LncRNA Regulates the Cigarette Smoke and COPD 

Associated Airway Inflammation and Mucous Cell Hyperplasia”, 2022, DOI: 

10.3389/fimmu.2022.803362.  

Chapter 1: Introduction 

I. The global burden of COPD  

Chronic obstructive pulmonary disease (COPD) is defined as a common, 

preventable, and treatable disease characterized by persistent respiratory 

symptoms and airflow limitation due to airway and/or alveolar abnormalities usually 

caused by significant exposure to noxious gases or particles and influenced by 

host factors including abnormal lung development. (4) COPD is currently the third 

leading cause of death globally, accounting for approximately 6% of all deaths in 

2019. Data analysis, stratified by population income status has shown that COPD 

is consistently among the top five causes of death in the U.S. (5) There is extensive 

variability among reported studies on COPD prevalence, largely due to reliance on 

different methodologies of COPD diagnosis and evaluation. The gold standard for 

COPD diagnosis is by spirometry, according to the National Heart Lung and Blood 

Institute (NHLBI)/World Health Organization (WHO) Global initiative for chronic 
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obstructive Disease (GOLD) guidelines, which are intended to promote a 

concentrated effort among healthcare providers globally to address this highly 

prevalent disease. (6) COPD severity is classified by GOLD-stages which range 

from GOLD 0: at risk, to GOLD IV: severe COPD. Specifically, a post-

bronchodilator forced expiratory volume in 1 second (FEV1) < 80% of predicted 

value and an FEV1/forced vital capacity (FVC) < 70% confirms a COPD diagnosis. 

Current estimates of the COPD prevalence range from 300 to 370 million global 

cases, with the highest prevalence being reported in the American continent 

whereas the lowest prevalence is reported in Southeast Asia. (7, 8) Among the 

population over 30 years of age, COPD is estimated to have a prevalence of 

11.4%, with a higher prevalence in men (14.2%), as compared to women (7.6%). 

(9) Adeloye and colleagues (2015) further report that COPD prevalence studies in 

African, East Mediterranean and Southeast Asian regions are sparse. (9) The 

American region had the highest prevalence of 14.1%, followed by the Eastern 

Mediterranean region with a prevalence of 13.2%, the African region with a 

prevalence of 10.6%, the Western Pacific region with 10.0% prevalence and lastly 

the South-East Asia region with 7.6% prevalence. (9) A large-scale longitudinal 

population study in a Canadian population reported that the lifetime risk of 

physician-diagnosed COPD in a large, multicultural North American population is 

27.6%. (10) They additionally report that the risk was further higher for men, for 

individuals from lower socioeconomic status and individuals from rural settings. 

However, Lamprecht and colleagues (2015), however, estimated that as many as 

80% of COPD cases may be undiagnosed, and that the problem of underdiagnosis 
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particularly persists in low-income regions. (8, 11) They found very high variability 

by region in terms of underdiagnosis, with certain regions showing >90% 

underdiagnosis and the lowest underdiagnosis being approximately 50%. (11) 

Many COPD diagnoses are made upon instances of exacerbation, or upon at least 

some loss of lung function, which in most cases would imply a certain level of 

irreversible lung damage prior to diagnosis and/or potential treatment. (12) With a 

globally aging population, coupled with continuous exposure to COPD-augmenting 

respiratory insults such as cigarette smoke (CS), air pollutants, biomass fuel 

smoke, and occupational chemicals, the global incidence of COPD is only 

expected to increase, across developed and developing regions alike. (13-15) 

Environmental exposure to toxins or allergens exacerbates the disease and is 

associated with a very high 5-year mortality rate (55%) among COPD patients (16). 

In 2017, the estimated annual health care cost associated with tobacco use was 

around $157.7 billion. In the past decade only, several studies demonstrated a 

variety of adverse health effects associated with CS exposure. The results of these 

studies, although dependent on multiple factors, strongly indicate that CS 

detrimentally impacts human health. (17) With over 7,000 toxicants rolled together 

to compile a cigarette, most have been deemed as etiologic factors in the 

development of inflammatory diseases including nicotine, tar, benzene, carbon 

monoxide and more. Chronic CS exposure is known to contribute to the 

development of atherosclerotic processes independently and synergistically with 

other etiological factors, and ultimately leads to coronary artery disease (CAD). In 

addition, the role of CS exposure in both lung and bladder carcinogenesis has 



 4 

been well-established alongside its role in a multitude of other cancers. COPD is 

clinically characterized primarily by chronic bronchitis and emphysema.  

COPD patients often suffer from daily symptomatic presentations, but 

exposure to certain irritants like CS, viral infections, or even exercise can result in 

periods of severe disease manifestations or exacerbations. (18) These 

exacerbations are the major contributor of burden on the global healthcare system, 

and although there is significant variation between global regions, there have been 

approximately 3 million global COPD-related fatalities annually, with exacerbations 

being the primary contributing factor. (7, 14, 19) The economic healthcare burden 

is also steep, and in the United States, the exacerbation-related hospitalizations 

alone account for over 49 billion USD in annual healthcare costs. (16) Furthermore, 

evidence suggests that the mortality due to COPD is largely underreported. In fact, 

even in the most severe cases, Lindberg and colleagues (2021) estimated that 

less than 60% of COPD-related deaths were accurately reported. (20) COPD is 

often excluded or underreported as a contributing or underlying cause of death. 

Even severe cases of COPD were found to be underreported, and COPD 

underreporting was found to be largely associated with male sex and patient 

obesity. (20) Interestingly, studies have shown that females are more likely to 

develop COPD as compared to males with similar smoking history. (21) These 

data show that COPD is a highly prevalent, underreported, and underdiagnosed 

disease that imposes a heavy burden on global healthcare and is a major cause 

of death worldwide. Most importantly, the impact of COPD and related healthcare 

costs will only continue to increase and therefore, studies are needed to improve 
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the current understanding of underlying disease mechanisms and to develop better 

treatment or disease management regiments for patients.  

II. COPD pathogenesis 

COPD is characterized as a pathological change in the normal lung 

function, resulting in a progressive and an irreversible airflow limitation. The 

development of COPD is associated with the long-term exposure to environmental 

insults that lead to chronic airway inflammation and epithelial remodeling. The 

major observable phenotypes in COPD patients include small airway obstruction 

(obstructive bronchiolitis) and lung parenchyma destruction (emphysema). It is an 

aging-associated condition characterized by progressive and irreversible airway 

obstruction and tissue remodeling which causes chronic, recurring bronchitis and 

alveolar tissue destruction. (22) The definition of chronic bronchitis (CB) is chronic 

sputum production and cough for three months per year for at least two years. 

Most commonly, symptoms include dyspnea, cough and sputum production 

leading to increased rates of exacerbation, accelerated, age-associated decline in 

lung function, reduced quality of life and increased mortality. (14, 22) CB is present 

in the general population; however, it is more prevalent in COPD patients, with up 

to 74% patients suffering from CB. (14) CS exposure directly insults the epithelial 

cells lining the conducting airways of the respiratory system from the 

nasopharyngeal region to the alveolar region, and induces inflammatory response 

pathways, immune cell infiltration of the airway epithelium, and extensive epithelial 

remodeling.  
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Mucus hypersecretion is the major phenotype for CB, which is a result of 

airway epithelial remodeling with an increase in the percentage of mucus secretory 

cells, coupled with a reduced proportion of ciliated cell population. (22) Several 

noncoding RNAs (ncRNAs) generated from intergenic and intronic regions have 

now been shown to regulate all stages of gene expression and several cellular 

functions including the lung innate immune responses. Mucociliary clearance 

mechanisms are one of the primary innate defense mechanisms that physically 

clear the airways via mucociliary excretion. (23, 24) In the respiratory tract, 9 genes 

have been found to encode for mucins, of which MUC2, MUC5AC, and MUC5B 

are primarily found in airway secretions (25, 26). The heterogeneity in airway 

mucins allows entrapment of many inhaled pathogens and toxicants to help clear 

the airways by mucociliary clearance mechanisms, therefore, a lot of attention has 

been geared towards understanding the expression and the regulation of these 

mucins in the context of lung pathologies. Bacterial pathogens can be entrapped 

on mucus adherent to epithelial cells, mucus plugs favor pathogens that thrive in 

anaerobic conditions and many infections are polymicrobial, with the mucus mesh 

shielding pathogens from the immune response. (27) 

There are several stages of COPD severity, as defined by the GOLD 

standard, ranging from GOLD 0 to GOLD IV. (6) GOLD 0 includes patients that are 

at risk for COPD development, show symptoms such as cough and sputum 

production, however, have normal spirometry results. GOLD stage I (mild COPD) 

includes patients with a FEV1/FVC < 70%, and a FEV1 > 80%, with or without 

chronic symptoms. GOLD stage II (moderate COPD) includes patients with a 
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FEV1/FVC < 70%, and a 30% < FEV1 < 80% and GOLD stage III (severe COPD) 

includes patients with a FEV1/FVC < 70%, and FEV1 < 30%. (6) Typically, GOLD 

stage II presents with dyspnea upon exertion and is typically when patients seek 

medical help due to disease exacerbation. Exacerbations are especially frequent 

in patients with FEV1 < 50%.  

III. Airway epithelium 

Inhaled air inadvertently carries countless benign and some potentially 

harmful particles into our body that are subsequently deposited throughout the 

airways onto a protective film that is the airway mucus layer. Airway mucus is 

crucial as a first line of defense against harmful inhaled particles by trapping and 

directing them back towards the oropharynx via ciliary beating in a process called 

mucociliary clearance. (28) Airway epithelial cells (AECs) that lie just beneath this 

layer are responsible for the coordination and initiation of this process. AECs are 

the primary cells that line the lumen of airways and are paramount in preserving 

the normal airway function. They are amongst the first cells to come in contact with 

environmental stimuli and serve as a crucial barrier against harmful inhaled 

substances including CS. (24, 29) AECs are largely comprised of 3 major cell 

types: ciliated cells, basal cells and mucous/goblet cells, although there are other 

cell types recently reported such as neuroendocrine cells, deuterosomal cells, tuft 

cells, suprabasal cells and ionocytes. (30) Each cell type serves a specific role in 

maintaining proper structure and function of the airways. Basal cells, the 

predominant cell type in small airways (can account for approximately 30% of all 

cells), play a crucial role in cell adhesion, produce important bioactive molecules, 
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and have the ability to self-renew and differentiate in response to injury. Ciliated 

cells, the major cell type throughout the conducting airways move the mucus from 

distal airways to the oropharynx via directional ciliary beating. Mucous cells, also 

known as goblet cells, are vital to secreting the proper amount of mucus to trap 

foreign inhaled particles in the airway lumen. (26, 31, 32) Certain cell types are 

more rare. Suprabasal cells are a subtype of basal cells with increased expression 

of KRT19 and NOTCH3. (30, 33) Hillock cells represent groups of cells that do not 

contain ciliary cells and represent a metaplastic zone of high proliferation usually 

found upon epithelial injury. (30) Tuft cells are chemosensory epithelial cells similar 

to the neuroendocrine cells with a highly distinct morphology, however their 

specific roles have not been identified. (34) Ionocytes account for a very small 

proportion of cells but are highly enriched in CFTR and likely arise from tuft cells. 

(35, 36) A recent study further showed that respiratory bronchioles contain a 

distinct cell type referred to as respiratory airway secretory (RAS) cells, which act 

as progenitor cells for alveolar type II (AT2) cells, thereby regenerating the alveolar 

tissue. (37) This regeneration is mediated by Notch and Wnt signaling, and 

cigarette smoke is known to disrupt the Notch signaling and induce pathological 

changes in COPD patients. (38)  

The complex interplay amongst these cell types is therefore crucial to 

maintaining airways and providing proper lung function. Therefore, dysregulation 

of these protective processes can be seen to cause harm and contribute to the 

development of various respiratory diseases. In fact, numerous changes have 

been reported in airway epithelium that has been chronically exposed to CS. 
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Cellular plasticity is altered by CS. AEC are linked by intercellular tight junctions 

and adherens junctions. A recent study has shown that airway epithelium derived 

from COPD patients exhibited partial epithelial to mesenchymal transition features, 

such as cellular unjamming and an increase in polymerized actin. (39) Chronic CS 

exposure is known to result in reduced e-cadherin and β-catenin, and it has been 

shown to directly affect the epithelial integrity upon chronic exposure. (40, 41) The 

reduction of cell-to-cell contact strength induces tissue degradation with 

progressive exposures to CS. Interestingly, treatments targeting TGF-β may have 

been unsuccessful due to the fact that they do not address this loss of intercellular 

junctions. (39) Furthermore, mucus secretion is a hallmark of COPD progression. 

In a pathological state, airway mucous obstruction can be a product of multiple 

complex processes that involve mucin gene expression, mucin hypersecretion, 

and goblet cell hyperplasia. Ultimately, these processes can lead to the decline in 

lung function and cause significant increase in associated morbidity and even 

mortality. (31, 42) Airway epithelium secretes mucins MUC5AC and MUC5B, 

which form the first line of defense against extracorporeal pathogens. (31) 

Furthermore, secretory immunoglobulin (Ig)A comprised of polymeric IgA (pIgA) is 

produced by plasma cells and transported to the apical side of the epithelial layer 

where it forms a protective layer that agglutinates pathogens in a process referred 

to as immune exclusion. (43) In a pIg receptor (R)-deficient murine model, a 

COPD-like phenotype was observed, as well as airway remodeling resembling a 

COPD phenotype. (43)  



 10 

IV. Airway mucus secretion 

Airway mucus is a complex solution that is comprised of water, ions, lung 

secretions, serum protein transudates and mucin glycoproteins or mucins (44). 

Mucins are comprised of 97% water and 3% solids, with mucin glycoprotein 

accounting for 30% of the solid composition. (31) It is thought that airway mucous 

is bi-layered, with an upper viscoelastic gel layer above and a watery, periciliary 

layer. The function of the periciliary layer is thought to be  the process of lubricating 

the beating cilia, while the gel layer is responsible for the actual trapping of inhaled 

particles, microbes or microbial byproducts. After trapping particles, the gel layer 

rolls onto the tips of beating cilia so that it may be cleared from the airways towards 

the oropharynx. Once there, the mucus is either swallowed and degraded via the 

gastrointestinal tract or coughed out as sputum or phlegm. (42) 

Secretory mucins MUC5AC and MUC5B and strongly expressed in the 

airways and mucin MUC5AC expression strongly correlates to pathogen presence. 

(44) Both MUC5AC and MUC5B form a gel as a mesh and both form chain 

structures rather than branch structures. (31, 44) The primary function of the mucin 

layers is interacting with pathogens or microbial proteins and sequestering said 

pathogens, in addition to acting a solid physical barrier. (45) 

Mucins are stored in the cytoplasmic granules of mucous secreting cells 

until exocytosis pathways are engaged that propel the mucin granules to the apical 

surface of the secretory AEC. A group of important chaperone proteins, known as 

MARCKS or myristoylated alanine-rich C kinase substrate, are critical in helping 

transport mucin vesicles to the plasma membrane. Once on the plasma 
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membrane, the mucin-containing granule forms a secretagogue complex that 

irreversibly docks to the membrane. Once this process takes place, mucin 

exocytosis is rapidly initiated, occurring in tens of milliseconds. After its release, 

mucin is capable of vastly expanding more than a hundred-fold in volume. This 

expansion process is dependent on the dilution of calcium from the granules, which 

allows for electrostatic expulsion and is accelerated by water, that ultimately results 

in a large expanded mucinous network in the airways. Of note, exaggerated and 

excessive exocytosis has been implicated in the mucous hypersecretion 

associated with COPD exacerbations (23, 42).  

V. Cigarette smoke and its components 

Exposure to cigarette smoke (CS) in vapor form, or in vitro exposure of cell 

cultures to CS extract induces numerous changes in the cells, however of primary 

interest for development of COPD is the aggregation of reactive oxygen species 

(ROS) as well as the ROS-mediated misfolding of proteins in the lung epithelium 

that may lead to activation of the unfolded protein response (UPR). (46).  

The effect of CS exposure also varies based on complexity and chemical 

composition, which itself is dependent on heating conditions, including 

temperature and oxygen flow. The burning zone of cigarettes during the 

combustion process can reach as high as 900°C while the areas behind marginal 

oxygen levels reach approximately 700°C in the distillation zone, where pyrolytic 

reactions occur. Inhaled smoke drawn through the cigarette is named mainstream 

smoke. (47). Mainstream smoke consists of particle and gas phases, including 

volatile organic compounds (VOCs), and semi-volatile organic compounds 
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(SVOCs). Chemical classes that constitute tobacco smoke include aldehydes, 

ketones, carboxylic acids, phenols, nitriles, alkaloids, and various saturated and 

unsaturated hydrocarbons. Smoke constituents can act as electrophiles, free 

radicals, and reactive anions. For example, benzo[a]pyrene converts to quinone, 

which then produces ROS as byproducts. Hydroxyl ions, which are another crucial 

ROS, are formed by hydrogen peroxide via Fenton's reaction in the tar phase or 

by its compounds such as catechol. Redox cycling mechanisms also form 

semiquinones and superoxide ions, which are highly reactive. Gas-phase 

components such as nitric dioxide can form carbon-centered radicals by reacting 

with other smoke constituents. Superoxide ions react with nitric oxide to form 

peroxynitrite with high oxidizing capacity. Peroxynitrite can also deplete 

intracellular antioxidants such as glutathione. Reactive oxygen and nitrogen 

species (ROS and RNS, respectively) generated in mainstream smoke perpetually 

form reactive intermediates such as acrolein, which are cytotoxic. (48) Vastly 

produced polycyclic aromatic hydrocarbon (PAH) components in tobacco smoke, 

such as 1-Nitropyrene, was shown to augment mitochondrial genes and induce 

deregulation of mitochondrial genes via C/EBPα. (49) Copious amounts of 

exogenous reactive oxygen and nitrogen species produced in tobacco smoke 

offset the redox homeostasis in cells inducing oxidative stress.  

VI. Genetic regulation of mucins  

Mucins, produced by goblet cells of the epithelium and seromucous glands 

of the subepithelial mucosa, comprise 2% of the total weight of airway mucous. 

Mucins are noted to be long, thread-like molecules with linear peptide backbones 
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that undergo a complex glycosylation pattern. It has been shown that this pattern 

is what allows these products many broad bacterial attachments for entrapment 

and clearance. Specifically, in the respiratory tract, 9 genes have been found to 

encode for mucins: MUC1, MUC2, MUC4, MUC5AC, MUC5B, MUC7, MUC8, 

MUC11 and MUC13. However, only MUC2, MUC5AC and MUC5B have been 

found in airway secretions. Specifically, MUC5AC and MUC5B have been 

demonstrated as the dominant gel-forming mucins in the normal respiratory tract. 

(26, 50) The former is known to be a goblet cell mucin while the latter a mucin that 

predominates in the glands. Additionally, a lot of attention has been geared 

towards demonstrating the expression and role of MUC5AC and MUC5B in 

disease models. MUC5AC is heavily regulated at the transcriptional level. (31) 

Studies have therefore found an increase in MUC5AC mRNA levels in the 

bronchial tissue of patients with chronic bronchitis. In addition, MUC5B has been 

shown to be a major component of bronchial mucus from patients with obstructive 

pulmonary disease. (44, 51) The epithelial growth factor receptor (EGFR) is crucial 

for COPD-related induction of mucus secretion, via upregulation of transforming 

growth factor (TGF)-α. (38, 52, 53) Further, blocking EGFR phosphorylation 

inhibits MUC5AC secretion, however, ROS generation can account for only a part 

of the CS-induced EGFR activation and mucin synthesis. A large proportion of 

EGFR activation can be attributed to the acrolein effects, which produce 

cyclooxygenase products as well as increased expression of EGFR ligands that 

further contribute to EGFR activation. (31, 54, 55) Additional regulatory elements 

such as the neuregulin (NRG) 1β1 have also been identified and are believed to 
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play a role in COPD progression. (56) The IL-13-mediated may not play a 

significant role in COPD mucus dysregulation, however the recently identified 

SMAD signaling-mediated mucus hypersecretion may play a more significant role. 

(38, 54) Mucus plugging has further been reported to induce inflammatory 

responses even in the absence of pathogens. (27) Mucus plugs are associated 

with cellular hypoxia and cell death, which induces the inflammatory response via 

IL-1 secreted from necrotic cells. (27, 57) Numbers of necrotic AEC have been 

found to be elevated in COPD, and reduction of IL-1-receptor has been found to 

alleviate the neutrophilic inflammation. (27, 58)  

VII. Dysregulation in cell energetics  

Mitochondria are the major cellular oxidative stress sensors that regulate 

metabolism, signaling, and energetics to maintain cellular and tissue homeostasis. 

In addition, mitochondria are reportedly critical in regulating cellular inflammatory 

responses, innate immunity, and aging. (59-62) Mitochondrial dysfunction and 

dysregulated ROS production following lung inflammation contribute to various 

lung diseases and impaired lung functions. Protein folding in the ER is susceptible 

to extracellular stimuli and insults. The ER is a highly organized luminal network 

that plays an important role in protein synthesis, maturation, folding and transport. 

(63-67) 
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Figure 1. Potential therapeutic targets within the mitochondrial oxidative stress 
response pathways of the airway epithelium. Original source (68). 

When ER homeostasis is disrupted by inhaled toxicants, the ER develops 

an unfolded protein response (UPR) in order to maintain cellular homeostasis. (65-

67) Notably, dysregulated homeostasis following the unresolved stress in 

mitochondria and ER can initiate cell death pathways. Studies have shown that 

various signaling pathways, triggered by the UPR and ROS presence, are crucial 

to trigger cell death/apoptosis when they fail to restore protein homeostasis. (64) 

Previous studies have shown that CS-induced ER stress is increased in the lungs 

of smokers and patients with COPD and have reported oxidant-induced 

irreversible damage of lung proteins and induction of the ubiquitin-proteasome 

system or autophagic vacuoles. (69, 70) CS-induced increase in polyubiquitination 

of proteins in different lung cell types, in vitro in alveolar and airway epithelial cells, 

lung fibroblasts and alveolar macrophages, and in vivo in mouse lungs has been 
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reported. (69-73) Numerous pathways are involved in chronic CS-induced UPR 

and oxidative changes. For example, chronic CS exposure induces upregulated 

expression of the chaperones glucose-regulated protein of 78 kDa (GRP78), 

calnexin and calreticulin, protein disulfide isomerase (PDI) and other signaling 

molecules that play a vital role in the PERK pathway (phosphorylated-eIF2a, ATF4, 

and CHOP) in the human lung. (46, 73-75) Additional evidence from a mouse 

model of CS exposure demonstrates increased expression of phospho-eIF2α, 

CHOP, and p50 ATF6N protein and mRNA levels in mouse lung. (69) Acute versus 

chronic CS exposure in mouse showed differences in mRNA levels of ATF4 and 

CHOP in mouse lungs and alveolar macrophages, suggesting that UPR target 

genes and proteins are dynamic and cell type-dependent in vivo, at the 

transcriptional and translational levels. (72, 76, 77) GRP78 is an ER chaperone 

known to be involved in alveolar epithelial cell survival and gene expression during 

lung development via modulation of ER stress. (78-80) Previous reports have 

shown increased GRP78 protein levels in the lungs of smokers and patients with 

COPD. Furthermore, GRP78 serum levels were significantly increased in COPD, 

correlating with decline in lung function and severity of disease. (81) In another 

report, BALF levels of GRP78 were significantly greater in smokers compared to 

non-smokers and human AEC treated with CS extract showed augmented 

secretion of GRP78. (74) Overall, these findings on elevated ER stress protein 

GRP78 levels suggest that it could be used as a potential biomarker for CS-

induced lung injury and chronic lung diseases. Furthermore, although the UPR 

seems to induce various pathologic changes in chronic pulmonary disease, it also 
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induces increased antioxidant expression. Specifically, the PERK/eIF2α/CHOP 

branch of the UPR has been shown to drive the expression of nuclear factor 

(erythroid 2)-related factor 2 or Nrf2. (46, 82) 

 

Figure 2. Molecular changes and potential therapeutic targets within the unfolded 
protein response pathways that are involved in chronic airway diseases. Original 
source (68). 

In turn, Nrf2 interacts with ATF4 and together they drive the expression of 

genes involved in glutathione synthesis, hydrogen peroxide scavenging and more. 

(83) However, Nrf2 plays a critical role in CS-mediated ROS generation. ROS 

increase allows for nuclear translocation of Nrf2 where it affects the transcription 

of over 500 genes, including the NF-κB inflammatory pathway. (84) Furthermore, 

the PERK/eIF2α branch is significantly involved in cell fate decisions by inducing, 

or preventing apoptosis, particularly upon chronic ER stress. Specifically, Kasai et 

al. (2019) have shown that when Nrf2 interacts with ATF4, they repress the ex- 

pression of CHOP, a proapoptotic gene. (85, 86) The Ire1 branch has also been 
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implicated in proapoptotic induction via the highly regulated Ire1-dependent decay 

pathway (RIDD) and all three branches (ATF6, ATF4 and XBP1) can potentially 

bind CHOP. (87, 88) As such, excessive inhibition of the UPR, specifically of the 

PERK branch may have deleterious effects, and as such, further research is 

required. (89) Cigarette smoke also disrupts the trans-Golgi network, where Golgi 

phosphoprotein 3 (GOLPH3) plays a vital role in protein trafficking and 

glycosylation. GOLPH3 has been linked with the ER in relation to 

phosphotidylinositol-4-phosphate signal termination mediated membrane docking 

mechanism. (90) Multiple elements have been suggested as potential therapeutic 

targets to alleviate the CS-induced UPR/ER dysregulation (Figure 1-2, Table 1). 

Cigarette smoke, including secondhand, thirdhand, and modified tobacco 

products release chemical compounds that form ROS and RNS species. These 

products adversely affect cellular organelles, including the mitochondria, ER, and 

Golgi. Exposure to cigarette smoke compounds alters mitochondrial oxidative 

phosphorylation and metabolic activity, which are symptoms of debilitating 

diseases such as COPD and asthma. Overall, these findings on elevated 

mitochondrial dynamics and the quality control, essential for normal physiological 

functions are disrupted by the CS-induced oxidative stress and these pathways 

could be potential therapeutic targets against smoking-related chronic lung 

diseases. 
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Table 1. ER and mitochondrial therapeutic targets in chronic pulmonary diseases 
associated with CS exposure (79, 80, 86, 91-93). Original source (68). 

 



 20 

VIII. COPD therapeutic approach & perspective 

Despite our understanding of COPD pathogenesis, therapy currently 

remains palliative. Therapy is focused on alleviating symptoms and reduction of 

airway inflammation. (94) Further, patients with mild COPD may frequently be 

overtreated and, although less frequently, patients with more severe COPD may 

be undertreated. (95) Further, no treatment prevents the progression of COPD. 

(96) Glucocorticosteroids are often ineffective at improving lung function, in fact, 

they are effective for 3 to 6 months, and short-term treatment does not significantly 

reduce lung inflammation. (94) Corticosteroids may also induce adverse effects 

such as impaired wound healing, increased bruising and more. (94) Treatment 

ultimately escalates to triple therapy (TT) with two bronchodilators and one 

antimuscarinic agent, and 16.5% of newly diagnosed patients initiate TT within 5 

years of diagnosis. (95) Certain alternative therapies have been suggested, 

including the use of mesenchymal stem cells, however there is no experimental 

support of efficacy and standards of care have not been established. (97) 

Targeting cytokines using novel molecules such as AntagomiRs have been 

suggested as potential therapeutic avenues, (98) however, current anti-

inflammatory therapeutic attempts have had very limited success. (99) There is a 

dire need for further investigation into novel pathways and targets for future 

therapy in chronic conditions such as COPD. We hypothesized that as AEC are 

quintessential mediators of the respiratory responses driving disease progression, 

novel elements such as lncRNAs serve as sensors and effectors of AEC 

responses and wanted to investigate their importance.  
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Chapter 1: Methods 

I. Human lung tissue samples 

Lung tissue samples were obtained from the Lung Tissue Research 

Consortium (LTRC) from the National Institutes of Health (NIH). The COPD patient 

cohorts are defined as patients with a post-bronchodilator FEV1/FVC <0.7, 

currently the most widely accepted and robust test for COPD. Although reports 

have shown that early-stage COPD may present with emphysematous or other 

pathologic changes prior to a presentation of an FEV1/FVC <0.7, this test remains 

the standard confirmation of COPD diagnosis. COPD patient samples were 

compared to samples from GOLD stage 0 patients, which are defined as having 

normal spirometry results, however, may have chronic symptoms such as cough 

and sputum product, and may present with risk factors for COPD such as CS 

usage. (6) GOLD 0 individuals may or may not progress to active COPD status 

and are classified as pre-COPD. (100) Both genders in each GOLD stage were 

grouped together and all groups include both active and former smokers. GOLD 

stage determination was made by spirometry testing and assigned to the 

appropriate GOLD stage group, per the protocols described by the National Heart, 

Lung, and Blood Institute and World Health Organization. (6) In this report, GOLD 

stages I and II were defined as patients with mild COPD status and GOLD stages 

III and IV were defined as patients with severe COPD status. Each group had a 

minimum n=6 with a mean age between 59.7 and 65.2 years old. All COPD 

patients had a smoking history with mean packs per year (PY) ranging between 

22.4 and 41.5 and former smokers had not been smoking of a mean of 13.2 and 
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22.9 years. Smoking history was self-reported for all patients. Lung tissue 

homogenates include epithelial tissue as well as other tissues and cell types. 

Samples were obtained from varying anatomical regions of the lungs, however all 

samples contained bronchial epithelial cells as confirmed by expression of pan-

cytokeratin (pan-CK) from epithelial cells and MUC5AC mucin from secretory 

goblet cells.  

II. Real-time quantitative PCR (RT-qPCR) 

For all RT-qPCR analysis, total RNA extraction was performed using the 

RNeasy Mini kit (Qiagen) according to manufacturer’s instructions. Briefly, tissues 

were resected and collected tissue was weighed to be under 30 mg. Tissue lysis 

was performed using TissueLyser® LT (Qiagen) at 50 Hz for 3 minutes. RNA 

concentration was quantified using the Synergy HTX reader (BioTek, VT). 

Complementary (c)DNA was synthesized using the iScript Advanced cDNA 

synthesis kit (Bio-Rad), per manufacturer’s instructions or by using the Applied 

Biosystems™ High-Capacity RNA-to-cDNA™ Kit per the manufacturer’s 

instructions. For qRT-PCR, FAM-based and SYBR Green primers were used. The 

LASI, ICR, WAKMAR-2, NEAT1, MALAT1 lncRNAs and MUC5AC and SPDEF 

mRNA levels were quantified using FAM-based primer/probe sets and TaqMan 

gene expression kit or the SsoFast qPCR master mix (Applied Biosystems, 

Thermo Fisher). ICAM-1, IL6, and CXCL8 mRNA levels were quantified using 

SYBR Green-based primers and the iTaq master mix (Bio-Rad). qRT-PCR was 

conducted using the Bio-Rad CFX Real-Time PCR detection system. 
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Quantification and analysis of the results was performed using the delta-delta 

(ΔΔ)Ct method and U6 noncoding small nuclear RNA (snRNA), glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) or beta actin were used as reference genes 

for lncRNA expression levels expression levels as described recently. (101) 

III. Immunohistochemistry and immunocytochemistry 

Tissue sections or fixed cells were washed in 0.05% V Brij-35 in PBS+. 

Antigen retrieval was performed using 10 mM citrate buffer (pH 6.0). Blocking 

solution (1% NDS, 3% BSA, 1% gel, 0.2% TX-1000 and 0.2% saponin in PBS+) 

incubation was conducted for 1 hour at room temperature followed by incubation 

at 4°C overnight with primary antibodies against mucin MUC5AC (Millipore Sigma) 

and pan-cytokeratin (pan-CK, Santa Cruz Biotechnology). Appropriate DyLight® 

fluorescently-conjugated secondary antibodies (Abcam) were used, and sections 

were incubated for 1 hour at room temperature. Sections were mounted with DAPI-

containing Fluormount-G. Immunofluorescent images were captured using the 

Keyence BZ-X700 microscope and image analysis was conducted using the 

ImageJ software (NIH). Mean fluorescence intensity per number of epithelial cells 

was used to compare mucin MUC5AC expression levels. Pan-CK was used as a 

confirmation of epithelial cell identity. Tissue sections were deparaffinized and 

hydrated in graded ethanol and deionized water. Histochemical staining was 

conducted with Alcian blue-period acid Schiff (AB-PAS) or AB followed by 

hematoxylin and eosin (H&E) or AB-H&E staining as described. (102) The mucus 

secretory cells (goblet/mucous cells) were quantified as a total number of AB-
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PAS+ or just AB+ cells per millimeter (mm) basal lamina for each image. For 

immunostaining analyses, cell cultures grown in Nunc™ Lab-Tek™ II 8-chamber 

slide system were washed using 0.05% v Brij-35 in PBS(+) and immunostained as 

described previously (2). Cells were stained with antibodies to mucin MUC5AC 

(Millipore, Inc.), ICAM-1 (Cell Signaling Technology, Inc.) and pan cytokeratin (Cell 

Signaling Technology, Inc.). Immunostained cells were detected using respective 

secondary fluor-conjugated antibodies (Thermo Fisher Scientific, Inc) and 

mounted with DAPI-containing mounting media. Immunofluorescent images were 

captured using a Keyence BZ-X710 all-in-one fluorescence microscopy system 

and were analyzed using Keyence analysis software and Image J software 

(National Institutes of Health).  

IV. Statistical analyses 

Grouped results were expressed as mean±SEM and p<0.05 was 

considered significant. Data were analyzed using GraphPad Prism Software 

(GraphPad Software Inc.) using one-way analysis of variance (ANOVA) with and 

Tukey’s multiple comparison test or using a two-tailed t test for comparison 

between two groups. When significant main effects were detected (p<0.05), 

student’s t test was used to determine differences between the groups. 
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Chapter 1: Results 

I. Disease severity-associated increased mucin expression, 

inflammation, and mucous cell hyperplasia in COPD airways  

We analyzed the archived lung tissue samples obtained from 14 COPD 

patients and 6 control donors with no-COPD (Table 2).  

Table 2. COPD patient cohort demographics. Original source (3). 

 

 

All the samples were from former smokers with or without COPD were 

stratified based on the on the NIH and WHO GOLD criteria (103). According to 

these criteria, six donor patients had mild (GOLD stage 1 or 2) COPD, and eight 

donor patients had severe (GOLD stage 3 or 4) COPD. To evaluate airway 

mucoglycoproteins (mucins) and mucous/goblet cells, tissue sections were stained 

with Alcian blue-hematoxylin and eosin (AB-H&E) as described recently. (2) 

Among the severe COPD patients, the small airways had disproportionately 

prominent mucus masses or plugs (Figure 3A). Based on the number of AB+ 

mucous cells in each group, there was a significant increase in mucous cell 

hyperplasia mucus expressing cells in severe COPD tissue samples (Figure 3B). 

Specifically, there were 31.6, 82.9, and 113.4 mucous cells per mm BL in no-
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COPD, mild-COPD, and severe-COPD samples, respectively. Mucus 

hypersecretion is a driving factor of COPD pathology and CS exposure induces 

the of secretory mucin MUC5AC levels. (104-108) We also found that MUC5AC 

mRNA levels were significantly upregulated in mild and severe COPD tissue 

samples, with 44- and 30-fold higher expression, respectively, compared to no-

COPD control tissues (Figure 3C).  

 

Figure 3. Archived airway sections of COPD patients show increased mucus 
hyperexpression and goblet cell hyperplasia. (A.) Representative 
histomicrographs of airway tissue sections from subjects with No, Mild, or Severe 
COPD stained with alcian blue (AB). Images are shown at 100x magnification and 
inset images are magnified 400x in the right panels. (B.) Quantification of AB+ 
mucous/goblet cells per mm of basal lamina (BL). (C.) Relative quantities of 
MUC5AC mRNA levels in tissues from mild and severe COPD subjects compared 
to control subjects with no COPD, analyzed by qRT-PCR. Data shown as mean ± 
SEM; n=6-8/gp; data analyzed by ANOVA with multiple comparisons; *p<0.05; 
**p<0.01; ***p<0.001. Dr. C. Long was the major contributor to this data. Original 
source (3). 
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In addition, we immunoprobed the tissue samples for MUC5AC protein 

expression and both mild and severe COPD samples showed higher MUC5AC 

immunopositivity (Figure 4A). Compared to no-COPD controls, there was a 4.2-

fold and 6.8-fold increase in the percentage of MUC5AC+ cells in mild and severe 

COPD samples, respectively (Figure 4B). However, there was no significant 

change in the expression levels of a master transcriptional regulator of mucus 

response, SPDEF (Figure 4C).   

 

Figure 4. Archived airway sections of COPD patients show increased mucus 
hyperexpression and MUC5AC expression. (A.) Micrographs showing MUC5AC 
mucin immunopositivity (green) in tissue sections and counterstained with DAPI 
(shown in blue) to identify nuclei, scale – 10 µm. (B.) Quantification of MUC5AC+ 
cells per mm BL in each group. (C.) Expression levels of mucin expression-
regulating transcription factor SPDEF. Data shown as mean ± SEM; n=3-8/gp; data 
analyzed by ANOVA with multiple comparisons; *p<0.05; **p<0.01; ***p<0.001. 
Original source (3). 
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Figure 5. Expression of inflammatory factors in a COPD patient cohort. (A.) ICAM-
1 and (B.) IL-6 levels in archived airway sections of COPD patients. N=4-8/gp, data 
analyzed by ANOVA with multiple comparisons. Original source (3). 

Among inflammatory factors, mRNA levels of IL-6 were upregulated in mild 

COPD samples only (Figure 5B) and ICAM-1 mRNAs showed a trend towards 

upregulated expression in mild and severe COPD tissue samples, as compared to 

no-COPD controls (Figure 5A). These data corroborate the association of small 

airway tissue pathology with clinically defined COPD disease status with increased 

mucoinflammatory responses among COPD subjects.  

Chapter 1: Discussion 

 Our data suggest that we have an adequate COPD model to investigate the 

CS-mediated airway epithelial responses. There is a clear disease progression 

observed in mild and severe COPD patient samples, as demonstrated by an 

increase in the total number of mucus secretory cells, an increase in the amount 

of mucus secreted from individual cells, as well as a pronounced thickening of the 

alveolar and parenchymal tissues. We further noticed that the mucus secretion 

was correlated to disease severity, however noted that there was significant 

variation in the expression levels of inflammatory mediators IL-6 and ICAM-1. This 
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observation can likely be attributed to several reasons. Firstly, when dealing with 

ex vivo samples, a certain level of variability is expected, second, when measuring 

the RNA levels in total tissue homogenate, the cell proportions may vary by 

sample, and the number of epithelial cells may not be the same across the different 

samples, and lastly, we observed that in many of the severe COPD samples, the 

airway epithelium was largely degraded. In fact, multiple samples were screened 

prior to selection of the samples used in Table 2, and many were found to have 

little or no viable epithelial layer to be included in the study cohorts. To summarize, 

using immunoprobing, as well as a histological approach and by measuring the 

mRNA levels of mucin MUC5AC, and inflammatory mediators such as IL-6 and 

ICAM-1, we have established a cohort of COPD patients that would allow for 

detailed investigation of the lncRNA-mediated airway epithelial responses.  
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Chapter 2: COPD transcriptome and a novel lncRNA 

Data presented in this chapter has been originally published by Nature 

Portfolio publishing group (Springer Nature), “A long noncoding RNA antisense to 

ICAM-1 is involved in allergic asthma associated hyperreactive response of airway 

epithelial cells”, 2021, DOI: 10.1038/s41385-020-00352-9.  

Chapter 2: Introduction 

I. Epigenetic changes induced by CS exposure 

With the advent of modern sequencing techniques, it became evident that 

less than 2% of the total human genome encodes for proteins while rest is 

transcribed into noncoding RNAs. The specific roles of all individual noncoding 

RNAs are still unclear but it is becoming increasingly evident that noncoding RNAs 

are key players in regulating protein expression at both the transcriptional and 

post-transcriptional levels. Consequentially, aberrant noncoding RNA levels can 

lead to dysfunctional regulation and ultimately contributing to the pathogenesis of 

various diseases. (109) A plethora of evidence exists that shows CS can induce 

many epigenetic changes, including DNA methylation, histone modification, and 

changes in expression of noncoding (nc)RNAs. (110) It has already been reported 

that CS exposure affects the expression of numerous miRNAs such as miR-21, 

miR-34a, miR-34c, miR-223, miR-375, miR-210, and more however recent reports 

have also shown that CS affects lncRNAs such as MALAT1 and HOTAIR and that 

it takes place via IL-6/STAT3 pathways. (111) LncRNAs can interact with and bind 

to other lncRNAs, miRNAs, chromatin, DNA or proteins. MALAT1 is known to bind 

to lncRNA SIRT1 and they are involved in immune regulation. (112) LncRNAs 
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HOTAIR and MALAT1 are vigorously studied with regards to the effect of cigarette 

smoke, however many lncRNAs have been identified as differentially expressed 

upon cigarette smoke exposure, and experimental evidence for their therapeutic 

potential or potential as biomarkers for disease progression is lacking.  

II. LncRNAs and their potential 

Advances in technology and extensive research into the realm of functional 

genomics has allowed researchers to discover the new class of noncoding RNA 

species. The ncRNA species has mostly been classified based on size into short 

and long noncoding RNA, with an additional class known as housekeeping RNA. 

Both the short noncoding and housekeeping RNA classes include some well-

studied candidates. The former encompasses micro (mi)RNAs, PIWI-interacting 

RNAs (piRNAs), endogenous small interfering RNAs (endo-siRNAs) and promotor 

associated RNA (pRNA). The latter encompasses ribosomal RNAs (rRNAs), 

transfer RNAs (tRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs 

(snoRNAs). This review will focus on the enigmatic group known as long 

noncoding RNA or lncRNAs. LncRNAs include a functionally diverse set of 

transcripts with a size greater than 200 nucleotides and are unable to encode 

functional proteins. The classes that have been annotated as lncRNAs so far 

include long intergenic non-coding RNAs (lincRNAs), natural antisense transcripts 

(NATs), intronic lncRNA, pseudogenic transcripts, circular RNAs (circRNAs), long 

enhancer noncoding RNAs (eRNAs), and transcribed ultra-conserved regions (T-

UCRs) (113).  
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The newly identified ncRNAs along with the well-characterized proteins 

mediate an intricate crosstalk between mitochondria and the nucleus to maintain 

the airway epithelial homeostasis. Among ncRNAs, the small microRNAs (miRNAs 

or miRs) are implicated mainly in post- transcriptional gene regulation and a variety 

of innate immune processes but how these miRNAs are associated with the 

mitochondrial homeostasis and mitochondrial damage associated molecular 

patterns (mtDAMPs) is still unknown. For example, in lung tissues, mtDAMPs 

induce the miR-223 expression that inhibits NLRP3 inflammasome and IL-1β 

release and suppressing miR-223 leads to the activation of NLRP3-IL-1β and 

acute lung injury. (114) NLRP3 activators induce the release of the mitochondrial 

membrane lipid cardiolipin, another mtDAMP. (115) The miR-30a inhibited type II 

alveolar AEC apoptosis by repressing the mitochondrial fission dependent on Drp-

1 leading to lung fibrosis. (116) miR-34/449 deficiency in ciliated cells results in 

reduced cilia length and numbers, which is mediated, at least in part, by the post-

transcriptional repression of Cp110, a centriolar protein suppressing cilia 

assembly, making these miRs indispensable for mucociliary differentiation. (117) 

Similarly, miR-183 was shown to be essential for hypercapnia responses by 

regulating isocitrate dehydrogenase 2 (IDH2) that impairs mitochondrial function 

and cell as observed in patients with chronic lung diseases. (118) Strikingly, miR- 

449a is upregulated by more than 1000-fold when epithelial cells from human 

airways are lifted from a liquid environment to air, allowing them to undergo 

mucociliary differentiation. (119) Among the mucin expression regulation, miR-

134-5p, miR-146a-5p, and let-7 family of miRs have been shown to regulate 
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chronic mucus hypersecretion as- sociated with COPD. (120) It has been reported 

that the let-7d miR was associated with IPF, suggesting a potential therapeutic 

target for controlling IPF associated pathologies. (121) Similarly, miR-21 levels had 

also been found significantly upregulated in IPF and increased miR-21 levels 

promoted the TGF-β1 activity. (122) Furthermore, miR-145-5p was recently 

implicated in modulating TGF- β1 levels and could be useful therapeutic target in 

restoring the airway epithelial homeostasis. (123) 

Some lncRNAs that are transcribed in the nucleus also reside in 

mitochondria and play a key role in regulating mitochondrial responses. For 

example, lncRNA RMRP or mitochondrial RNA-processing endoribonuclease is 

required for mitochondrial DNA replication and RNA processing, and the lncRNA 

SRA or steroid receptor RNA activator is a key modulator of hormone signaling 

found in both mitochondria and nucleus. The mitochondrial DNA also encodes for 

a set of lncRNAs like lncND5, lncND6, and lncCyt b RNA encoded on the 

complementary strands of ND5, ND6 and Cytovhrome b genes as reviewed 

recently. (124) These mitochondrial DNA-encoded lncRNAs also appear to 

function in the nucleus and the molecular mechanisms underlying trafficking of the 

mitochondrial-encoded lncRNAs to the nucleus are now beginning to emerge. 

(124) There is also growing evidence towards mitochondria importing the cytosolic 

ncRNAs via yet-to-be discovered mechanisms. (125) 

There is ample evidence suggesting miRNAs, an extensively studied class 

of short noncoding RNA, may be at the center of aberrant immune mediated 

inflammatory responses and oncogenesis. Particularly, overexpression or 
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underexpression of miRNAs has been implicated in lung cancer and various other 

respiratory diseases. For example, the let-7 family of miRNAs and its expression 

levels are implicated in both the lung cancer and COPD pathogenesis. (126) 

Recent seminal studies have investigated lncRNAs that are important in 

maintaining cellular and tissue homeostasis and preventing autoimmune 

responses. While most studies have looked at the changes in lncRNA expression 

in response to various physiological processes, some studies have also identified 

specific lncRNAs and their role as either inducers or restrictors of inflammatory 

processes. However, there is extremely limited data and further elucidation on the 

roles of lncRNA is necessary. 

More lncRNA species have been further identified in last few years and 

various biological functions have been attributed to these lncRNAs. These 

functions primarily include alteration of protein localization, mRNA decay, 

chromatin modification, alternative splicing, modulation of protein activity and 

transcription initiation/repression. Studies have demonstrated different types of 

lncRNAs involved in the immune system both as inducers and restrictors of 

inflammation. Differing lncRNAs have even been shown to take part in multiple 

levels in immune cell development and processes responding to pathogens. (113) 

However, a large knowledge-gap remains as the role of only a small portion of 

lncRNAs has been illustrated. 

III. COPD phenotyping and biomarkers 

The pathophysiology of COPD in susceptible populations is initiated 

following chronic exposure to various toxic stimuli, leading key players of the innate 
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immune system such as alveolar macrophages and AECs to be activated by 

various pattern recognition receptors (PRRs). This results in the release of pro-

inflammatory mediators including cytokines and chemokines, which recruit 

protective inflammatory cells such as neutrophils, lymphocytes, monocytes and 

other immune cells to the site of insult. Subsequent communication through 

antigen presenting cells activates the adaptive immune system to induce helper T 

cell differentiation (TH1 and TH17) and CD8+ cytotoxic T cell recruitment. The 

bronchiolitis aspect of the disease is a result of structural changes that occur from 

small airway remodeling due to extensive airway inflammation. The 

emphysematous phenotype is a result of alveolar damage from the production of 

reactive oxygen radicals and the release of proteolytic enzymes by neutrophils and 

macrophages. (127) Both these processes illustrate pulmonary damages as a 

result of exaggerated and uncontrolled inflammation.  

Recently, new attempts have been made to classify COPD into distinct 

subgroups based on the pathophysiologic derangements, response to treatment 

and disease progression. As a result, a movement away from a baseline FEV1 

value towards a more multidimensional approach (i.e. novel endotyping methods 

combined with the small-airway physiologic evaluation and imaging) is being 

followed to better classify the COPD phenotypes. Existing examples of COPD 

subgroups include 1) small airway-predominant disease, 2) alpha-1 antitrypsin 

deficiency, 3) emphysema, 4) chronic bronchitis, 5) frequent exacerbators, 6) 

asthma-COPD overlap and 7) eosinophilic versus 8) non-eosinophilic disease. By 

creating these distinct groups, the hope is to subsequently identify and provide 
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therapeutic treatment that is specifically tailored to each individual group. However, 

a better understanding of the epigenetic and genetic underpinnings that lead to 

specific phenotype remains a vital aspect if we are to successfully provide 

pharmacological therapy when treating the disease. (128) 

IV. Long noncoding transcriptome in COPD 

Certain newly discovered lncRNAs are reportedly associated with ageing in 

various disease models and have recently been reviewed. (67, 68) They include 

TERRA and TERC that control telomere function; Xist, H19, ANRASSF1 and PINT 

that are involved in epigenetic changes; MEG3, 7SL, GAS5, LincRNA-p21 and 

HOTAIR associated with loss of proteostasis; ANRIL, MALAT1, SRA, HEIH, 

HULC, UCA1 and Gadd7, which regulate immunosenescence; 17A, Lnc-IL7R, 

THRIL and Lethe involved in inflammaging; AK028326, AK141205, ES-1,-2,-3, 

involved in stem cell function regulation; and finally, TUC339 and Tie-1AS that are 

implicated in various intercellular communication mechanisms. 

Li et al., (129) performed microarray analysis to identify the abnormally 

expressed lncRNAs in human bronchial epithelial cells induced by different 

concentrations of wood smoke particulate matter2.5 (WSPM2.5) and arterial traffic 

ambient particulate matter2.5 (TAPM2.5). Compared to control, 94 lncRNAs were 

upregulated and 203 were downregulated in WSPM2.5 treated cells whereas 1292 

lncRNAs were upregulated and 1362 were down- regulated in TAPM2.5 treated 

cells. Based on the differential expression, GO and KEGG analysis they selected 

lncRNA maternally expressed gene 3 (lncRNA MEG3) for further validation and 



 37 

demonstrated that lncRNA MEG3 mediates PM2.5-induced cell apoptosis and 

autophagy through regulating the expression of p53. 

Other than COPD, increased MUC5B expression was also associated with 

lung adenocarcinoma. Specifically, lncRNA MUC5B-AS1 (ENST00000532061.2) 

was significantly upregulated in lung adenocarcinoma tissues. (130) Further 

validation of regulatory mechanisms showed that lncRNA MUC5B-AS1 promoted 

cell migration and invasion by the formation of protective RNA-RNA duplex with 

MUC5B resulting in an increased expression of MUC5B in these cancer cells.       

One pioneering study analyzed genome-wide lncRNA expression in COPD 

lung by performing a comparative microarray analysis of non-smokers and 

smokers with or without COPD. (131) In this study, RNA of non-smokers without 

COPD, smokers without COPD and smokers with COPD was extracted from 

human lung tissue. Participants included 3 non-smokers without COPD, 5 smokers 

without COPD and five smokers with COPD, however, all patients had lung cancer. 

Microarray analysis of 39,253 distinct lncRNAs showed differential expression of a 

large number of lncRNAs in COPD patients independent of smoking status. 

Compared to smokers without COPD, 120 lncRNAs were over-expressed and 43 

underexpressed in COPD patients, indicating that smoking alters the expression 

of lncRNAs and that these lncRNAs may be associated with the changes in key 

pathogenic processes of COPD caused by tobacco smoke exposure. These 

lncRNAs could be involved in modulating the metabolism of several cellular 

mediators and in signaling pathways linked to the altered immune system in COPD 
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patients. Additionally, these lncRNAs may be involved in regulating the expression 

of coding genes in COPD patients, however, further study is required. 

In another study, lncRNA and mRNA expression profiles were analyzed by 

microarray of peripheral blood mononuclear cells (PBMCs) from 20 healthy 

nonsmokers, 17 smokers without airflow limitation, and 14 COPD patients. (132) 

Here, they identified 158 differentially expressed lncRNAs and selected 5 lncRNAs 

(NR_026891.1, ENST00000502883.1, HIT000648516, XR_429541.1, and 

ENST00000597550.1) for further validation based on the dysregulated expression 

associated with COPD. The regulatory role of ENST00000502883.1 on CXCL16 

expression was confirmed and consequently the role in PBMC recruitment. They 

also predicted the regulatory role of other lncRNAs on chemotaxis associated 

genes such as CXCL16, HMOX1, SLA2, and SIGLEC14. In addition, GO 

enrichment analysis showed that leukocyte migration, immune response, and 

apoptosis are the main enriched processes that are previously reported to be 

involved in the pathogenesis of COPD.  

A whole-blood RNA sequencing analysis of 229 current and 286 former 

smokers reported that 171 genes including 7 lncRNAs (LINC00599, LINC01362, 

LINC00824, LINC01624, RP11-563D10.1, RP11-98G13.1 and AC004791.2) that 

were differentially expressed between current and former smokers. (133) In 

addition, there were significant differential usage of 9 exons from 8 genes by exon 

level analysis, in which 8 genes of these 9 exons were unique to one transcript, 

suggesting these results may indicate the presence of differentially processed 

variants among current and former smokers.  
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Another seminal study analyzed the overlapping or diverging dysregulated 

genes, lncRNAs, miRNAs and signaling pathways in smoking and non-smoking 

COPD patients. (134) The blood samples were collected from five healthy, non-

smoker patients with COPD and five smoker patients with COPD. With the help of 

high-throughput sequencing analysis they identified that compared to the normal 

control, there were 96 differentially expressed lncRNAs in non-smoker and 44 

differentially expressed lncRNAs in smoker COPD patients and 15 lncRNAs 

overlapped between non-smoker and smoker COPD patients. Based on the 

interaction network analysis, they found that let-7-ADRB1-HLA-DQB1-AS1 might 

play a key role in the pathogenesis of smoking-associated COPD while miR-218-

5p/miR15a-RORA-LOC101928100/LINC00861 and miR-218-5p/miR15a-TGFβ3-

RORA-AS1 interactions might involve with the pathogenesis of non-smoking 

COPD. Interestingly, there data suggest that miR-122-5p-A2M-LINC00987/A2M-

AS1/linc0061 interactions might play key roles in COPD irrespective of the 

smoking status. 

LncRNA ANRIL (antisense noncoding RNA in the INK4 locus) is one of the 

widely known functional lncRNAs that is associated with the development and 

prognosis of chronic inflammatory diseases. It represses the NF-κB pathway by 

inducing CARD-8 and downregulates the TGF-β1 expression. (135, 136) Recently, 

Ge et al., (137) studied lncRNA ANRIL expression and associated inflammatory 

cytokines from the plasma of 136 acute exacerbations of COPD (AECOPD) 

patients, 138 stable COPD patients, and 140 healthy controls. They observed 

lower expression level of lncRNA ANRIL in AE-COPD patients compared to both 
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stable COPD patients and the healthy individuals. Furthermore, this expression 

was negatively correlated with proinflammatory cytokines in AE-COPD and stable 

COPD patients, and with GOLD stage in AE-COPD patients, but not in stable 

COPD patients.     

Roles of lncRNA have also been studied in animal models of COPD. In a 

chronic CS-induced COPD mouse model, lung tissue RNA-seq analysis was 

performed to investigate transcriptome profiles. (138) A total of 37,072 lncRNAs 

were detected, in which 109 lncRNAs and 260 mRNAs were significantly 

differentially expressed in CS-exposed mice compared with control animals. 

Based on the high-throughput data analysis, among 109 lncRNAs, 3 significantly 

altered lncRNAs (NR_102714, fantom3_D330021G15 and 

fantom3_D830009E10) are associated with protein-coding genes (UCHL1, 

IL1RL1and GGT5, respectively). In addition, they performed qRT-PCR analysis of 

16HBE cells treated with or without CSE and also analyzed the PBMCs from 6 

healthy individuals and 7 COPD patients. The lncRNA NR_102714 and the 

associated protein-coding gene, UCHL1 presented the same expressional 

tendencies in all these experimental models. UCHL1, ubiquitin C-terminal 

hydrolase L1, one of known ageing hallmark biomarkers associated with COPD. 

(139) 

In an another mouse model study, Wang et al. conducted a microarray 

analysis to identify the CS-induced lncRNAs and mRNAs. (140) In this experiment 

they found total of 108 lncRNAs and 119 mRNAs that were differentially expressed 

in CS-exposed animals compared to controls. Based on the coding-non-coding 
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gene co-expression network analysis, lncRNAs AK076311 and uc007coi.2 were 

reportedly negatively associated with chemokine receptor 10 (CCR10), and also 

the lncRNA ENSMUST00000181247 was positively co-expressed with CD177. 

(141) The CCR10 and CD177 are inflammation-associated biomarkers in lung 

diseases. (142) 

Similarly, type II alveolar AEC were also investigated to understand the role 

of lncRNAs in the lung tissue repair and maintenance of the alveolar homeostasis. 

(143) Lung parenchymal tissues obtained from 22 patients without COPD and 12 

with COPD were examined. Significantly higher levels of cellular senescence and 

apoptosis of COPD alveolar epithelial cells was demonstrated through measuring 

senescence-associated β-galactosidase (SA-β-Gal) levels. Expanding on the 

previous research, the levels of a senescence-associated lncRNA or SAL-RNA, 

which has been demonstrated to mediate the SIRT1/FoxO3a and SIRT1/p53 

pathways were evaluated. LncRNA expression of SAL-RNAs was significantly 

increased in the COPD group, however, a differentially processed variant, SAL-

RNA1 was significantly suppressed. These studies illustrate that faulty regulation 

of lncRNAs in the type II airway epithelial cell senescence can contribute to the 

pathogenesis of COPD. 

In order to help discover potential biomarkers for the diagnosis and 

treatment of COPD, Tang et al., (144) investigated the possible functions and 

mechanisms of the lncRNA, TUG1, in COPD patients compared to the non-COPD 

lungs (n=3). The microarray analysis showed that among the differentially 

expressed lncRNAs, 15% were upregulated while 17% were downregulated. 
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Subsequent genomic locus analysis and the correlation analysis with the protein-

coding genes among the differentially expressed lncRNAs suggested that most of 

the differentially expressed lncRNAs in COPD lung tissue were intergenic lncRNAs 

(non-overlapping or bidirectional coding transcripts nearby the lncRNA), which 

included TUG1. These results suggest that TUG1 could potentially serve as a 

COPD biomarker. Recently, a broad and systematic approach was also employed 

to develop a genome wide screening platform that identified the functional 

lncRNAs. (145) Using a CRISPRi gene editing technology, the screening approach 

was employed to identify lncRNAs that modify robust cell growth in seven different 

human cell lines. The results were significant as they substantially increased the 

number of known functional lncRNA loci. They further demonstrated that lncRNA 

function in a highly cell type-specific manner and directly regulate important cellular 

processes. 

Chapter 2: Methods 

I. Airway epithelial tissues and cells 

Airway tissue specimens and primary human AEC from subjects with and 

without asthma were obtained from deidentified organ donors through the Life 

Alliance Organ Recovery Agency of the University of Miami, according to protocols 

approved by the local Institutional Review Board. Tissue specimens were fixed in 

10% neutral buffered formalin and conventionally processed for paraffin 

embedding and sectioning. Airway epithelial cells were isolated and cultured on 

air-liquid interface (ALI) as previously described. (146, 147) Normal human primary 

AECs were also kindly provided by Dr. Scott Randell at the Marsico Lung 
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Institute/Cystic Fibrosis Research Center at the University of North Carolina, 

Chapel Hill, USA. Lung tissues were procured under protocol #03–1396 approved 

by the University of North Carolina at Chapel Hill Biomedical Institutional Review 

Board. AECs were maintained in bronchial epithelial growth medium (BEGM, 

Lonza, Walkersville, MD). For ALI culture, cells were plated onto collagen IV–

coated 24mm Transwell-clear culture inserts (Corning Costar Corporation, 

Cambridge, MA) at a density of 5 × 105 cells/cm2 in ALI media. The apical surface 

of the cells was exposed to air and cells were cultured for another 21 days until 

they were fully differentiated. (146, 147) AECs were treated with LPS 

(Pseudomonas aeruginosa serotype 10, Sigma-Aldrich, St. Louis, MO) or with 

recombinant human IL-13 (Peprotech Ltd.). Following treatments, the membrane 

quarters were used for RNA and protein isolation or were fixed in 4% 

paraformaldehyde for immunostaining.  

II. Transcriptomic analysis 

Illumina TruSeq Stranded Total RNAseq libraries with ribosomal depletion 

were prepared per manufacturer’s instructions (Illumina, Inc, San Diego, CA). 

Libraries were sequenced on a HiSeq2500 (2 × 100 PE reads; 50 million 

reads/sample) at HudsonAlpha Institute for Biotechnology, Huntsville, AL. RNA-

Seq data was analyzed as described previously. (148, 149) Briefly, reads were 

aligned to the GRCh38.P10 reference genome with Hisat2 and assembled into 

transcripts with Cufflinks2. CuffDiff was utilized to determine differential 

expression. Raw sequencing data have been deposited into the Sequence Reads 

Archive, and the experimental data files placed in Gene Expression Omnibus 
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(GEO). Long noncoding genes were identified by their accession numbers. The 

RNA-seq data have been deposited in NCBI’s GEO47 and are accessible at GEO 

accession number GSE139370. 

III. Pathway analysis 

ToppFun (https://toppgene.cchmc.org/) was utilized for pathway analysis as 

previously described. (150) Briefly, significantly different gene names (HUGO 

Gene Nomenclature Committee names) were entered into the ToppGene Suite. 

Duplicate and unknown genes were removed. Gene Ontology biological process 

and pathway analysis were utilized to determine significantly different functional 

genomic changes. Fast Ward Hierarchical Clustering was performed using the 

Log2x + 1 transformation of the data in the JMP genomics 8.0 (SAS Institute, Cary, 

NC). A p value (<0.05 with FDR correction) of each annotation of a test gene is 

derived by random sampling from the whole genome. 

IV. Real-time quantitative RT-PCR 

Total RNA was isolated using RNAeasy kit (Qiagen, MD) as per 

manufacturer’s instructions, quantified using Synergy HTX reader (BioTek, VT) 

and cDNA were synthesized using iScript kit (BioRad, CA). MUC5AC, SPDEF, and 

LASI transcripts were quantified using FAM-based primer/probe sets (Applied 

Biosystems, ThermoFisher) using the TaqMan Gene expression kit 

(ThermoFisher), whereas, ICAM-1, IL-6, and CXCL-8 mRNA were quantified using 

SYBR green- based primers or iTaq Master Mix (BioRad, CA) in the Agilent 

Stratagene Mx3000P Real-Time PCR System (ThermoFisher). Relative quantities 

were calculated by normalizing averaged CT values to CDKN1B or β-Actin to 
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obtain ΔCT, and the fold-change (ΔΔCT) over the controls were determined as 

described previously. (151) 

V. RNA fluorescence in situ hybridization (RNA-FISH) 

The RNAScope® 2.5 HD duplex assay and reagent kit (Advanced Cell 

Diagnostics, Biotechne) was used for RNA FISH as per the manufacturer’s 

instructions. A double-Z probe set against LASI was designed containing 20 dual 

probes targeting various segments across the LASI lncRNA. RNA FISH was 

conducted on paraffin-embedded 5 µm tissue sections obtained from the LTRC of 

the NIH. Deparaffinization was conducted in consecutive xylene, graded ethanol, 

and deionized water. Pretreatment was conducted with hydrogen peroxide solution 

and the RNAScope® target retrieval buffer and protease plus solutions were used 

to exposure the antigen. Probe hybridization was conducted for 2 hours at 40°C in 

the HybEZ® II oven. The signal was amplified using the Amp1, Amp2, Amp3 and 

the HRP probe at 40°C in the HybEZ® II oven. The signal was detected using the 

tyramide signal amplification (TSA) reaction with an Alexa fluor labeled TSA kit 

(Perkin Elmer). Sections were then processed for immunohistochemistry or directly 

mounted with the 4’,6-diamidino-2-phenylindole (DAPI)-containing Fluormount-G 

(Southern Biotechnology). Images were captured using the Keyence BZ-X700 

structured illumination fluorescent microscope. Analysis was conducted with the 

Keyence BZ-X analysis software and using the ImageJ software (NIH). RNA FISH 

quantification was conducted according the RNAScope® histo (H)-score 

methodology. In each image, probe signals were counted for each cell, both in the 

nuclear and cytosolic region and assigned to appropriate bins: bin 0 (no signals), 



 46 

bin 1 (1-3 signals/cell), bin 2 (4-9 signals/cell), bin 3 (10-15 signals/cell) and bin 4 

(>15 signals/cell). The H-score was calculated as follows: H-score was the sum of 

each bin multiplied by the percentage of cells that fall into that bin. H-score = (0 x 

% cells in bin 0) + (1 x % cells in bin 1) + (2 x % cells in bin 2) + (3 x % cells in bin 

3) + (4 x % cells in bin 4). Final H-scores ranged from 0 to 400 per group.  

VI. Statistical analyses 

Grouped results were expressed as mean±SEM and p<0.05 was 

considered significant. Data were analyzed using GraphPad Prism Software 

(GraphPad Software Inc.) using one-way analysis of variance (ANOVA) with and 

Tukey’s multiple comparison test or using a two-tailed t test for comparison 

between two groups. When significant main effects were detected (p<0.05), 

student’s t test was used to determine differences between the groups. 

Chapter 2: Results 

I. Identification of a novel long noncoding RNA in AECs   

We performed a high-throughput RNA sequencing analysis to identify the 

novel lncRNAs that might be primary immediate-early responders regulating the 

inflammatory and mucus responses of HAECs. The role of identified lncRNA was 

validated and interrogated in airway tissues and AECs of asthmatic and control 

subjects.  

To determine the molecular mechanism involved in this memory-based 

hyperreactive or ‘trained’ mucous response, the well-differentiated primary AECs 

were treated with LPS (100 ng/ml) for 2 hours to analyze the immediate early 
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responses. The total RNA was isolated, and the transcriptomic analysis was 

performed by a high-throughput RNA-sequencing as described under methods 

section. The rigorous in-silico analysis of the RNA-seq data helped identify 725 

differentially expressed transcripts that were statistically significant, 65 of which 

were duplicates. Among these differentially expressed transcripts, we selected 

lncRNA AC011511.2, a lncRNA on the antisense strand of ICAM-1 or LASI for 

further analysis because ICAM-1 plays a critical role in airway inflammation and 

remodeling. (152) In addition, ICAM-1 expression itself is associated with LPS 

exposure, airway inflammation and asthma. (153)  Sequencing and annotation 

analysis revealed that this LASI transcript is a 32.4 Kb long with 3 exons and 2 

introns, and several putative splicing sites. This novel lncRNA showed a negligible 

protein coding potential with a Fickett Testcode score of 0.27327 and coding 

probability of 0.197913 (http://cpc2.cbi.pku.edu.cn).  Next, to validate the RNA-Seq 

results and to interrogate the expression of LASI transcripts in the in-vitro model 

of trained mucous response, using a custom-made FAM-based primer-probe set 

specific for LASI, we analyzed the expression levels by a qPCR.  The secondary 

LPS challenge augmented more than six-fold increase in the LASI transcript levels 

in L/10 cells compared to controls (Figure 6D). The RNA-seq data have been 

deposited in NCBI's Gene Expression Omnibus(154) and are accessible using the 

GEO accession number GSE139370 (and the following NCBI accession link: 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139370).   

http://cpc2.cbi.pku.edu.cn/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139370
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Figure 6. Transcriptomic analysis of the immediate early innate responses of 
HAECs and an associated increase in LASI transcript levels following LPS 
challenge. Primary HAECs were differentiated at the air-liquid interface and were 
treated with LPS (100 ng/ml) for 2h. Total RNA was isolated from cells and RNA-
Seq analysis was performed. (A.) PCA analysis of the RNA seq data showing the 
distinct grouping of control and LPS-treated (experimental) samples. (B.) Volcano 
plot analysis of RNA seq data showing the distribution of transcripts that were 
upregulated or downregulated following LPS treatment. (C.) Genetic map of 
lncRNA LASI encoded on the antisense strand of ICAM1 within chromosome 19. 
(D.) Relative quantities of LASI transcript levels in U/0, L/0, U/10, and L/10 HAECs 
as determined by qRT-PCR. Data shown as mean ± SEM with n=3–6/group; 
*p<0.05; **p<0.01 as analyzed by the one-way ANOVA and Tukey’s multiple 
comparison test. Drs. G. Borchert and R. Langley were the major contributors for 
this data. Reproduced with permission from Springer Nature (2). 

  A similar trend was observed in the cells treated with IL-13 (Figure 7) with 

an increased aggregation of LASI transcripts in the perinuclear region (Figure 7A) 

and there was 2-fold or more LASI transcripts per cell in IL-13-treated than non-

treated condition (Figure 7B). In addition, IL-13 treatment induced the ICAM-1 

(Figure 7C) and CXCL-8 (Figure 7D) with no change in IL-6 (Figure 7E) 
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expression.  Thus, the early induction of LASI transcripts and the observed 

enrichment in the nuclear/perinuclear region may be one of the the initial 

responses in the onset of airway mucus and inflammatory responses.  

 

Figure 7. Nuclear/perinuclear enrichment of LASI transcripts in 3D-cultured 
human AECs following IL-13 treatment with increased expression of inflammatory 
factors. (A.) Micrographs of AECs showing RNA FISH stained individual LASI 
transcripts (red) using RNAscope® technology (ACD Inc) and DAPI-stained nuclei 

(blue) in IL-13-treated and non-treated AECs, scale – 5. (B.) Quantification of the 
number of LASI transcripts per cell in IL-13-treated and non-treated AECs. Relative 
quantities of ICAM-1 (C.), CXCL-8 (D.) and IL-6 (E.) mRNA levels AECs as 
determined by qRT-PCR at 24h post-treatment. Data shown as mean±SEM; n=3-
4/gp; **p<0.01; ***p<0.001 based on student’s t-test. Dr. D. Devadoss was the 
major contributor for this data. Reproduced with permission from Springer Nature 
(2). 

Chapter 2: Discussion 

In line with our previous in-vivo observation in animal models of trained 

immunity of the airway epithelium, (155) this data corroborates that results that In 

AECs, the IL-13-mediated induction in the LASI transcript levels elevated rapidly 

in the nuclear/perinuclear region and possibly regulates the SPDEF translocation 

to augment AEC inflammatory and mucous responses. 

Several cutting-edge mechanistic and population studies have now widely 

established the innate memory-based responses or ‘trained immunity’ of innate 

immune cells, which primarily involves epigenetic reprogramming via DNA 
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methylation, microRNAs and/or long noncoding RNAs. For example, studies 

investigating the European and U.S. farm and non-farm children pulmonary health 

show that early life exposure to airborne immunomodulators protects individuals 

against allergic asthma by activating a form of trained immunity in the lung mucosa 

and/or innate immune cells. (156-158)  Although this trained immunity primarily 

shows beneficial effects, the pan-protection and the enhanced immune responses 

could also lead to the development of chronic disorders. (159) In parallel, this 

phenomenon offers a way to identify a potential target during pathophysiological 

conditions of these chronic inflammatory disorder either by inducing or inhibiting 

the targeted molecules. We have also showed that differentiated AECs also 

preserve a memory-dependent rapid recall response following the LPS challenge. 

(2) The RNA-Seq analysis of LPS-treated AECs showed that among 660 

significantly differentially expressed immediate-early transcripts is a novel lncRNA 

LASI that could be responsible for this trained response. The expression pattern 

of LASI transcripts in the in-vitro airway model of trained immune response 

supported their significant role in the aggravated inflammation and mucus 

expression. 

Although many AEC-associated lncRNAs were identified so far, (160, 161) 

there are no such reports on asthma-associated lncRNAs in AECs. Most of the 

identified asthma-associated lncRNAs are either specific to peripheral blood 

mononuclear cells (162, 163) or the airway smooth muscle cells (164, 165) which 

may be targeted to reduce asthma symptoms. This is the first observation of an 

AEC-specific lncRNA that is associated with asthma which showed immediate-
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early and robust expression. The impact of lncRNAs on cell functions are primarily 

dictated by their subcellular localization where they can alter chromatin 

modification, mRNA decay, alternative splicing and regulation of transcription by 

cis or trans mechanisms. (166, 167) Some lncRNAs accumulate in cis (in nucleus) 

and act as cis or trans in the nucleus, some others accumulate in trans (in 

cytoplasm) and act as trans in the nucleus, and very few lncRNAs are synthesized 

in the nucleus and translocate into the cytosol. (168) During pathological 

conditions, lncRNAs expression and localization could be altered in a way that 

could affect their normal modulation of pre-transcription, transcription, and post-

transcription processes by affecting their interactions with genomic DNA, mRNA, 

miRNA and various proteins. (169, 170) 

AECs synthesize and secreted various inflammatory factors following an 

injury or insult, that lead to the recruitment and retention of various immune cells, 

which further increase the inflammatory condition of the lung. (171)  Among AEC-

derived inflammatory factors, IL-6 and CXCL-8 had been predominantly observed 

in many chronic lung diseases including allergic asthma. These are multifunctional 

immunomodulators, which regulate the expression of adhesion molecules like 

ICAM-1 and act as chemoattractants to recruit effector immune cells like 

monocytes and lymphocytes. (172, 173)  Therefore, controlling the expression or 

function of these inflammatory mediators could also help in reducing the severity 

of a disease condition. The identification of cytokine regulating lncRNAs 

associated with airway inflammation and allergic asthma is gaining more attention. 

Recent seminal studies revealed that lncRNAs, IL17AS and MIR3142HG regulate 
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IL-6 and CXCL-8 expression via NF-κB pathways in IPF tissues; (174) lncRNA 

PVT1 regulates IL-6 and CXCL-8 release in ASMCs; (175, 176) and lncRNA 

ANRIL regulates IL-6, IL-13, IL-4 and IL-17 in allergic rhinitis condition. (177) AECs 

treated with IL13 resulted in increased IL-6, CXCL-8 and ICAM-1 expression and 

blocking the LASI expression via siRNA attenuated the mRNA expression of IL-6 

and ICAM-1 but not CXCL-8. These studies thus indicate that LASI transcripts 

regulate the expression of AEC inflammatory mediators.   

Conceptually, the form of ‘pathogenic trained response’ of asthmatic AECs 

observed by our group (2) is in total contrast to the development of ‘host-beneficial 

trained response’ to LPS/endotoxins or farm dust as reported in the developing 

lungs, where the early life exposure to immunomodulators protects against allergic 

asthma. (156-158)  This disparity could be due the use of adult AECs in this study, 

and a longitudinal analysis of the pediatric AECs is needed to understand this 

dichotomy. In addition, the reported hyperreactive response of AECs observed 

here should not be compared with the low dose allergen or LPS models that 

involves lymphocytes which augment a tolerogenic response and are the basis for 

the allergen immunotherapies. 
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Chapter 3: LASI lncRNA in a COPD model 

Data presented in this chapter has been originally published by Frontiers 

publishing group, “Increased Expression of LASI LncRNA Regulates the Cigarette 

Smoke and COPD Associated Airway Inflammation and Mucous Cell Hyperplasia”, 

2022, DOI: 10.3389/fimmu.2022.803362. 

Chapter 3: Introduction 

I. LASI lncRNA and COPD 

CS exposure has been demonstrated to induce epigenetic events such as 

DNA methylation, histone modifications and notably, changes in expression of 

noncoding transcripts such as microRNAs (miRNAs) and long noncoding RNAs 

(lncRNAs). (167, 178) LncRNAs may interact with various proteins, DNA, 

chromatin and other RNAs to induce epigenetic and transcriptomic changes 

affecting cell and tissue functions. (179) A growing number of lncRNAs have been 

implicated for a role in chronic pulmonary conditions, including CS-related immune 

responses, and inflammatory dysregulation. (167, 180, 181)  We identified a 

specific immunomodulatory lncRNA referred to as LASI, a lncRNA antisense to 

ICAM-1, and confirmed its direct involvement in modulating airway inflammatory 

and mucus hyperexpression responses. (2) 

Furthermore, we have recently observed that long-term mainstream CS 

exposure results in airway remodeling in cynomologus macaques (Macaca 

fascicularis) with augmented chronic bronchitis and reduction in lung functions 

similar to those observed in smoke-associated COPD. (182) Based on the 

important role of lncRNAs in COPD (167) and specifically LASI lncRNA in airway 
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epithelial cells (2), we hypothesized that LASI lncRNA affected the CS-induced 

airway inflammation and mucus hypersecretion in COPD. Herein, using the 

structured-illumination imaging and RNA fluorescence in-situ hybridization (FISH), 

we found that LASI lncRNA was upregulated in the small airway epithelium of 

animal model of chronic CS exposure as well as in former smokers with COPD, 

and its expression correlates with aggravated inflammatory and mucus secretory 

responses. In addition, unstimulated airway cells from COPD subjects showed 

strong association of higher LASI expression with upregulated expression of mucin 

and other inflammatory factors. Most importantly, we find blocking LASI expression 

rescues impaired airway responses due to CS-mediated dysregulations in COPD 

bronchial epithelial cells. 

Chapter 3: Methods 

I. M. fascicularis cigarette smoke exposure 

An animal model of female cynomolgus macaques (M. fascicularis) was 

used. Experiments were performed by the Lovelace Respiratory Research Institute 

in Albuquerque, NM, as described before. (182) The animals were maintained at 

12-hour light/dark cycle and received, unless exposed to cigarette smoke (CS), 

filtered fresh air (FA) with 10 to 15 air changes per hour. Female C. macaques 

were exposed to CS in H2000 whole body exposure chambers at 250 mg/m3 total 

suspended particulate matter (TPM) for 6 hours per day, 5 days per week, 

corresponding to 4 packs of cigarettes per day as described previously. (182) At 

these concentrations C. macaques develop observable changes in lung 
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physiology within three months of exposure. Lung resections and tissue sections 

were obtained as described previously. (182) 

II. Human lung tissue samples 

Lung tissue samples were obtained from the Lung Tissue Research 

Consortium (LTRC) from the National Institutes of Health (NIH). The COPD patient 

cohorts are defined as patients with a post-bronchodilator FEV1/FVC <0.7, 

currently the most widely accepted and robust test for COPD. Although reports 

have shown that early-stage COPD may present with emphysematous or other 

pathologic changes prior to a presentation of an FEV1/FVC <0.7, this test remains 

the standard confirmation of COPD diagnosis. COPD patient samples were 

compared to samples from GOLD stage 0 patients, which are defined as having 

normal spirometry results, however, may have chronic symptoms such as cough 

and sputum product, and may present with risk factors for COPD such as TS usage 

(6). GOLD 0 individuals may or may not progress to active COPD status and are 

classified as pre-COPD (100). Both genders in each GOLD stage were grouped 

together and all groups include both active and former smokers. GOLD stage 

determination was made by spirometry testing and assigned to the appropriate 

GOLD stage group, per the protocols described by the National Heart, Lung, and 

Blood Institute and World Health Organization. (6) In this report, GOLD stages I 

and II were defined as patients with mild COPD status and GOLD stages III and 

IV were defined as patients with severe COPD status. Each group had a minimum 

n=6 with a mean age between 59.7 and 65.2 years old. All COPD patients had a 
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smoking history with mean packs per year (PY) ranging between 22.4 and 41.5 

and former smokers had not been smoking of a mean of 13.2 and 22.9 years. 

Smoking history was self-reported for all patients. Lung tissue homogenates 

include epithelial tissue as well as other tissues and cell types. Samples were 

obtained from varying anatomical regions of the lungs, however all samples 

contained bronchial epithelial cells as confirmed by expression of pan-cytokeratin 

(pan-CK) from epithelial cells and MUC5AC mucin from secretory goblet cells.   

III. Real-time quantitative PCR (RT-qPCR) 

For all RT-qPCR analysis, total RNA extraction was performed using the 

RNeasy Mini kit (Qiagen) according to manufacturer’s instructions. Briefly, tissues 

were resected and collected tissue was measured to be under 30 mg. Tissue lysis 

was performed using TissueLyser® LT (Qiagen) at 50 Hz for 3 minutes. RNA 

concentration was quantified using the Synergy HTX reader (BioTek, VT). 

Complementary (c)DNA was synthesized using the iScript Advanced cDNA 

synthesis kit (Bio-Rad), per manufacturer’s instructions or by using the Applied 

Biosystems™ High-Capacity RNA-to-cDNA™ Kit per the manufacturer’s 

instructions. For qRT-PCR, FAM-based and SYBR Green primers were used. The 

LASI, ICR, WAKMAR-2, NEAT1, MALAT1 lncRNAs and MUC5AC and SPDEF 

mRNA levels were quantified using FAM-based primer/probe sets and TaqMan 

gene expression kit or the SsoFast qPCR master mix (Applied Biosystems, 

Thermo Fisher). ICAM-1 and IL6 mRNA levels were quantified using SYBR Green-

based primers and the iTaq master mix (Bio-Rad). qRT-PCR was conducted using 
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the Bio-Rad CFX Real-Time PCR detection system. Quantification and analysis of 

the results was performed using the delta-delta (ΔΔ)Ct method and U6 noncoding 

small nuclear RNA (snRNA), glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) or beta actin were used as reference genes for lncRNA expression levels 

expression levels as described recently. (101) 

IV. Human bronchial epithelial cell culture and CSE treatment 

The primary human bronchial epithelial cells (HBECs) from COPD (CHBEs) 

and non-COPD (NHBEs) donors were obtained from the commercial suppliers 

(Lonza Inc. or MatTek Corp). All primary cell lines were grown and treated in 

bronchial epithelial cell growth media (BEGM from Lonza or UNC MLI Tissue 

Procurement and Cell Culture Core). To investigate the baseline differences 

between NHBEs and CHBEs, Air-liquid interface (ALI) cultures of primary cells 

were grown in BEGM and differentiated in bronchial ALI (B-ALI) differentiation 

media (Lonza or UNC MLI Tissue Procurement and Cell Culture Core), as 

described previously (2). ALI cultures were seeded at a density of 5 x 105 cells/cm2 

on collagen IV-coated Costar® 6.5 mm Transwells with 0.4 µm pore polyester 

membranes (Corning Costar Corporation). Cells were differentiated for a minimum 

of 21 days before treatments. Epithelial differentiation was confirmed by live cell 

imaging of ciliary beatings and mucus glycoproteins. Submerged cultures of 

primary cell lines were utilized to investigate the effect of CS treatment and LASI 

knockdown. For CS extract preparation, CS particulate matter collected on the filter 

membranes from mainstream smoke of 3RF4 research cigarettes (courtesy Philip 
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Kuehl, Lovelace Biomedical) were used for extracting CSE and final treatments of 

20 µg/ml were applied. In addition, paraffin-embedded tissue sections human 

COPD and healthy control lungs were obtained from the LTRC. 

V. Immunohistochemistry and immunocytochemistry 

Tissue sections or fixed cells were washed in 0.05% V Brij-35 in PBS+. 

Antigen retrieval was performed using 10 mM citrate buffer (pH 6.0). Blocking 

solution (1% NDS, 3% BSA, 1% gel, 0.2% TX-1000 and 0.2% saponin in PBS+) 

incubation was conducted for 1 hour at room temperature followed by incubation 

at 4°C overnight with primary antibodies against mucin MUC5AC (Millipore Sigma) 

and pan-cytokeratin (pan-CK, Santa Cruz Biotechnology). Appropriate DyLight® 

fluorescently-conjugated secondary antibodies (Abcam) were used, and sections 

were incubated for 1 hour at room temperature. Sections were mounted with DAPI-

containing Fluormount-G. Immunofluorescent images were captured using the 

Keyence BZ-X700 microscope and image analysis was conducted using the 

ImageJ software (NIH). Mean fluorescence intensity per number of epithelial cells 

was used to compare mucin MUC5AC expression levels. Pan-CK was used as a 

confirmation of epithelial cell identity. Tissue sections were deparaffinized and 

hydrated in graded ethanol and deionized water. Histochemical staining was 

conducted with Alcian blue-period acid Schiff (AB-PAS) or AB followed by 

hematoxylin and eosin (H&E) or AB-H&E staining as described. (102) The mucus 

secretory cells (goblet/mucous cells) were quantified as a total number of AB-

PAS+ or just AB+ cells per mm basal lamina for each image. For immunostaining 
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analyses, cell cultures grown in Nunc™ Lab-Tek™ II 8-chamber slide system were 

washed using 0.05% v Brij-35 in PBS(+) and immunostained as described 

previously. (2) Cells were stained with antibodies to mucin MUC5AC (Millipore, 

Inc.), ICAM-1 (Cell Signaling Technology, Inc.) and pan cytokeratin (Cell Signaling 

Technology, Inc.). Immunostained cells were detected using respective secondary 

fluor-conjugated antibodies (Thermo Fisher Scientific, Inc) and mounted with 

DAPI-containing mounting media. Immunofluorescent images were captured using 

a Keyence BZ-X710 all-in-one fluorescence microscopy system and were 

analyzed using Keyence analysis software and Image J software (National 

Institutes of Health). Groups of NHBEs and CHBEs stained with MUC5AC, or 

ICAM-1 were analyzed separately, with exposure adjusted for each treatment. 

Once exposure was adjusted for MUC5AC and ICAM-1 groups, positive cells were 

counted as a percentage of the total cell number. The raw percentages were 

calculated as the fold-change compared to non-treated (NT) NHBE group.  

VI. RNA fluorescence in-situ hybridization (FISH) 

The RNAScope® 2.5 HD duplex assay and reagent kit (Advanced Cell 

Diagnostics, Biotechne) was used for RNA FISH as per the manufacturer’s 

instructions. A double-Z probe set against LASI was designed containing 20 dual 

probes targeting various segments across the LASI lncRNA. RNA FISH was 

conducted on paraffin-embedded 5 µm tissue sections obtained from the LTRC of 

the NIH. Deparaffinization was conducted in consecutive xylene, graded ethanol, 

and deionized water. Pretreatment was conducted with hydrogen peroxide solution 
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and the RNAScope® target retrieval buffer and protease plus solutions were used 

to exposure the antigen. Probe hybridization was conducted for 2 hours at 40°C in 

the HybEZ® II oven. The signal was amplified using the Amp1, Amp2, Amp3 and 

the HRP probe at 40°C in the HybEZ® II oven. The signal was detected using the 

tyramide signal amplification (TSA) reaction with an Alexa fluor labeled TSA kit 

(Perkin Elmer). Sections were then processed for immunohistochemistry or directly 

mounted with the 4’,6-diamidino-2-phenylindole (DAPI)-containing Fluormount-G 

(Southern Biotechnology). Images were captured using the Keyence BZ-X700 

structured illumination fluorescent microscope. Analysis was conducted with the 

Keyence BZ-X analysis software and using the ImageJ software (NIH). RNA FISH 

quantification was conducted according the RNAScope® histo (H)-score 

methodology. In each image, probe signals were counted for each cell, both in the 

nuclear and cytosolic region and assigned to appropriate bins: bin 0 (no signals), 

bin 1 (1-3 signals/cell), bin 2 (4-9 signals/cell), bin 3 (10-15 signals/cell) and bin 4 

(>15 signals/cell). The H-score was calculated as follows: H-score was the sum of 

each bin multiplied by the percentage of cells that fall into that bin. H-score = (0 x 

% cells in bin 0) + (1 x % cells in bin 1) + (2 x % cells in bin 2) + (3 x % cells in bin 

3) + (4 x % cells in bin 4). Final H-scores ranged from 0 to 400 per group.  

VII. Enzyme-linked immunosorbent assays (ELISAs) 

Culture media and apical cell culture washes from NHBEs and CHBEs 

differentiated in 3D ALI culture for 28 days was collected prior to CSE treatment 

and every two days after treatment. Final apical washes and culture media 
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supernatant were collected prior to the termination of the experiment and was 

either stored at -80C or processed for analysis. The protein levels of MUC5AC, 

ICAM-1, and IL-6 were determined using human ELISA kits against MUC5AC 

(MyBioSource Inc., San Diego, CA), ICAM-1 (LifeSpan Biosciences Inc., Seattle, 

WA), and IL-6 (BioLegend Inc., San Diego, CA), respectively, as per 

manufacturers’ instructions. 

VIII. LncRNA LASI overexpression 

A full-length LASI lncRNA sequence utilizing all three exons was cloned into 

a pLenti-GIII-CMV-GFP-2A-Puro vector and a high titer lentivirus preparation was 

obtained from Applied Biological Materials Inc. (Richmond, Canada). Primary 

HBECs cultured overnight in 12-well plates were transduced with LASI-

overexpression (LASI-OE) lentiviral preparation at 0.5 and 2 MOIs (multiplicity of 

infection) using a culture media containing 8 μg/ml of polybrene transfection 

reagent (Sigma). The GFP-tag fluorescence was followed to assess the 

transduction efficiency. Forty-eight-hour post-transfection, cells were harvested, 

and qPCR was performed for expression analysis of LASI lncRNA and other 

transcripts. Mock-transduced cells (or cells with 0 MOI) were used as controls to 

analyze the expression levels. 
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Figure 8. Lentiviral overexpression (A.) and control vector (B.) used for 
transduction. 

IX. Statistical analyses 

Grouped results were expressed as mean±SEM and p<0.05 was 

considered significant. Data were analyzed using GraphPad Prism Software 

(GraphPad Software Inc.) using one-way analysis of variance (ANOVA) with and 

Tukey’s multiple comparison test or using a two-tailed t test for comparison 

between two groups. When significant main effects were detected (p<0.05), 

student’s t test was used to determine differences between the groups. 
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Chapter 3: Results 

 

Figure 9. Experimental study design - LASI lncRNA in a COPD model. Created 
with BioRender.com. Original source (3). 

I. Chronic CS exposure results in goblet/mucous cell hyperplasia and 

increased LASI lncRNA expression in bronchial airway epithelium  

We recently analyzed the effects of long-term CS exposure in a large animal 

model where cynomologus macaques (M. fascicularis) were exposed to 

mainstream CS for twenty-seven weeks, where CS-exposed macaques showed 
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COPD-like respiratory phenotypes. (182) Here, we specifically analyzed the 

bronchial epithelial responses in archived lung tissues of CS-exposed macaques 

and filtered room-air (FA) exposed control macaques (n=4 each). Compared to FA 

group, CS-exposed macaque lungs showed significant bronchial airway epithelial 

remodeling with augmented goblet/mucous cell hyperplasia (Figure 10A) as 

analyzed by histochemical staining using Alcian blue and Periodic acid Schiff’s 

(AB-PAS) reagent. There were 2.6-fold higher number of AB-PAS+ goblet/mucous 

cells per mm basal lamina (BL) in CS-exposed macaques compared to FA group 

(Figure 10B).  

 

Figure 10. Chronic cigarette smoke (CS) exposure model of Cynomolgus 
macaques results in goblet/mucous cell hyperplasia. Bronchial airway tissues were 
analyzed from C. macaques exposed to mainstream CS or control filtered-air (FA) 
for 27 weeks as reported recently. (182) (A.) Representative histomicrographs of 
bronchial tissue sections showing AB-PAS-stained goblet/mucous cells in CS- and 
FA-exposed macaques. (B.) Number of AB-PAS+ cells quantified per mm of basal 
lamina (BL) in each group. Data shown as mean ± SEM; n=4/group; data analyzed 
by t-test, ** p < 0.01. Original source (3). 

The expression levels of secretory mucin MUC5AC mRNA were 3-fold 

higher in CS group compared to FA macaques (Figure 11A) as determined by 

qRT-PCR. CS-induced MUC5AC expression was also corroborated by 

immunostaining of bronchial tissue sections (Figure 11B) with 7.9-fold higher 

percentage of MUC5AC-positive (MUC5AC+) cells observed in CS macaques over 
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FA group (Figure 11C). Thus, chronic CS exposure results in goblet cell 

hyperplasia with increased expression of MUC5AC mucin.  

 

Figure 11. Chronic CS exposure model of Cynomolgus macaques results in 
goblet/mucous cell hyperplasia. (A.) Relative quantity of secretory mucin MUC5AC 
mRNA in CS-exposed macaques compared to FA-controls as determined by 
qPCR. (B.) Representative micrographs of bronchial tissue sections showing 
MUC5AC immunopositivity in CS- and FA-exposed macaques. (C.) Percentage of 
MUC5AC+ cells over the total epithelial cells quantified for each group. Data shown 
as mean ± SEM; n=4/group; data analyzed by t-test, ** p < 0.01. Original source 
(3). 

LncRNAs are essential regulators of smoke mediated inflammatory 

responses  (167, 178) and based on the critical role of LASI lncRNA in airway 

inflammatory and mucus hyperexpression (2), we analyzed the effects of CS on 

bronchial epithelial LASI lncRNA expression. Compared to the FA group, we 

observed a 2.4-fold increase in LASI transcript levels in CS-exposed macaques 

(Figure 12A). Cellular LASI expression levels were further analyzed by performing 

RNA-FISH as described previously (2), which allowed for single RNA molecule-

level resolution and subcellular localization evaluation (Figure 12B). We found that 

LASI lncRNA was significantly upregulated and the number of LASI lncRNA 

transcripts per cell was significantly upregulated upon CS treatment (Figure 12C). 

Overall, in a large animal model of chronic CS exposure, bronchial epithelial cells 
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show a strong correlative increase in LASI lncRNA levels and MUC5AC mucin 

expression. 

 

Figure 12. Chronic CS exposure model of Cynomolgus macaques results in 
increased LASI lncRNA expression in bronchial airways.  (A.) Relative quantity of 
LASI lncRNA in CS-exposed macaques versus FA-controls as determined by 
qPCR. (B.) Representative micrographs showing LASI lncRNA expression in FA 
and CS macaques as determined by FISH. (C.) Quantification of LASI lncRNA 
expression in bronchial epithelial cells of each group as determined by H-score 
analysis described earlier. (2) Data shown as mean ± SEM; n=4/gp and analyzed 
by Student’s T-test; **p<0.01; ***p<0.001. Original source (3). 

II. LASI lncRNA levels are upregulated in COPD airway epithelium  

We next investigated the correlation between the airway epithelial LASI 

lncRNA expression and the mucoinflammatory phenotype of COPD tissue 

samples. The transcript expression levels in lung tissue homogenates of COPD 

and no COPD control samples were evaluated by qRT-PCR. LASI transcript levels 

were 4-fold and 6-fold higher in the mild COPD (n=6) and severe COPD tissue 

samples, (n=8), respectively, compared to no-COPD control tissues (n=6) (Figure 

13A). We also investigated of the expression of other lncRNAs such as, ICAM-1-

related lncRNA (ICR), which regulates ICAM-1 expression by mRNA stabilization 

via direct interaction and duplex formation, (183) but there was no significant 

change in ICR levels among COPD tissue samples (Figure 14A).  
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Figure 13. Archived airway sections of COPD patients show increased LASI 
lncRNA expression in epithelial cells. (A.) Quantitation of LASI lncRNA levels in 
mild and severe COPD subjects compared to control subjects with No COPD. (B.) 
Micrographs showing LASI lncRNA levels in airway epithelial cells of patient 
bronchial tissues. LASI lncRNAs were detected by RNA-FISH (shown in red) and 
epithelial cells were immunostained by pan-cytokeratin (panCK, shown in green) 
antibody, and nuclei (shown in blue) were stained by DAPI. Lower panels show 
magnified images of the insets drawn in upper panels (scale – 5µm). (C.) 
Quantitation for LASI lncRNAs per epithelial cell as measured by H-score analysis. 
Data shown as mean ± SEM; n=6-8/gp; data analyzed by ANOVA with multiple 
comparisons; *p<0.05; **p<0.01; ***p<0.001. Original source (3). 

Similarly, there was no change in the expression levels of highly prevalent 

lncRNA NEAT1 or nuclear enriched assembly transcript 1 (Figure 14B) and 

MALAT1 or metastasis associated lung adenocarcinoma transcript 1 (Figure 

14C). Although NEAT1 lncRNA has been implicated as a potential prognostic 

marker of COPD exacerbations where its expression level correlated with disease 

severity. (184) Similarly, MALAT1 lncRNA has been proposed as potential 

therapeutic target because silencing its expression blocked the COPD-associated 

lung remodeling. (185) We also analyzed the expression levels of lncRNA called 

WAKMAR2 or a wound and keratinocyte migration-associated lncRNA, which 
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regulates the proinflammatory responses in keratinocytes (186) and there were no 

significant changes among COPD subjects (Figure 14D).  

To further corroborate the COPD-associated LASI lncRNA expression 

levels and to evaluate airway epithelium specific expression, we conducted RNA-

FISH to examine LASI expression at a single RNA molecule resolution and 

evaluate the LASI subcellular localization (Figure 13B). We found that in small 

airways, both mild and severe COPD tissue samples present with significantly 

upregulated LASI expression as compared to non-COPD controls. There was 1.4- 

and 1.6-fold higher LASI expression in pan-cytokeratin+ epithelial cells of mild and 

severe COPD tissues, respectively (Figure 13C). LASI transcripts were found both 

in the perinuclear and the cytosolic regions of bronchial epithelial cells. 

Collectively, these data suggest a strong correlation between LASI lncRNA 

expression and mucus hypersecretion, mucous cell hyperplasia, and COPD 

pathogenesis.  

 

Figure 14. Expression levels of select inflammatory factors and lncRNAs in the 
lung tissue samples of mild and severe COPD donors versus the controls with no 
COPD. Relative quantities of lncRNA levels of ICR (A.), NEAT1 (B.), MALAT1 (C.), 
and WAKMAR2 (D.). Data shown as mean ± SEM (n=6-8/gp); data analysed by 
ANOVA, *p<0.05. Original source (3). 
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III. Primary HBECs from COPD patients show higher transcript levels of 

LASI lncRNA and the mucoinflammatory factors  

To assess epithelial cell-specific responses, we next cultured primary 

differentiated human bronchial epithelial cells (HBECs) obtained from COPD 

donors (CHBEs) and compared with HBECs from control donors with no-COPD 

(NHBEs). Primary CHBEs are a highly representative model of COPD progression, 

as studies have shown that they undergo dysregulation in numerous pathways. 

(39) A recent study showed that CHBEs have significantly dysregulated calcium 

(Ca2+) signaling, a crucial messenger for various cellular processes, including 

ciliary beating. (187) CHBEs are also known to have dysregulated cell proportions, 

with higher numbers of goblet cells and reduced number of ciliary cells, as well as 

a notable decrease in β-tubulin and an increase in mucin MUC5AC. (188) Primary 

NHBEs and CHBEs were differentiated on an air-liquid interface (ALI), on 

transwells, as 3D airway cultures. We first compared the baseline differences 

between differentiated NHBEs and CHBEs, without any treatment or stimulation. 

Among the lncRNAs analyzed, expression levels of ICAM-1 loci associated 

lncRNAs, LASI (Figure 15A) and ICR (Figure 15B) were 6.2- and 8.0-fold higher 

in unstimulated CHBEs compared to NHBEs, respectively. Expression levels of 

other lncRNAs were also higher in CHBEs with NEAT1, MALAT1, and WAKMAR-

2 lncRNAs expressed at 3.3-, 1.6-, and 3.2-fold higher in CHBEs compared to 

NHBEs, respectively (Figure 16A-C).  

Next, we examined the baseline expression of epithelial inflammatory 

factors and secretory mucins in NHBEs and CHBEs. Compared to NHBEs, the 
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MUC5AC mucin (Figure 15C), ICAM-1 (Figure 15D), and IL-6 (Figure 15E) 

mRNA levels were 3.0-, 4.6-, and 6.0-fold higher in CHBEs. In order to determine 

whether the changes in transcript levels recapitulate the secretory protein levels, 

we analyzed the MUC5AC protein levels in apical wash samples and found that 

MUC5AC levels were approximately 39.1 ng/ml and 152.2 ng/ml in NHBEs and 

CHBEs, respectively (Figure 15F). Protein levels of ICAM-1 and IL-6 were 

analyzed in NHBE and CHBE basal culture media supernatants. Secreted ICAM-

1 levels were approximately 29.9 pg/ml and 200.8 pg/ml in NHBE and CHBE 

culture media, respectively (Figure 15G), with a 6.7-fold increase in CHBEs. 

Similarly, average secreted IL-6 level in NHBE culture media was 60.6 pg/ml 

whereas in CHBE culture media was 399.8 pg/ml (Figure 15H). Collectively, these 

data suggest a strong dysregulation of inflammatory responses in the bronchial 

epithelial cells in COPD with coordinated changes in lncRNA, mRNA, and protein 

expression. 
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Figure 15. Differentiated bronchial epithelial cells from COPD subjects show 
increased expression of immunomodulatory lncRNAs, MUC5AC mucin, and IL-6 
and ICAM-1 compared to control cells from non-COPD donors. Relative transcript 
levels for lncRNA LASI (A.), and ICR (B.) in 3D cultured and unstimulated NHBE 
and CHBE cells as determined by qRT-PCR. Relative mRNA levels of MUC5AC 
(C.), ICAM-1 (D.), and IL-6 (D.) inflammatory factors. Quantification of secretory 
MUC5AC mucin levels (G.) in the apical washes, and the IL-6 (H.), and ICAM-1 (I.) 
levels in basal media supernatant as analyzed by specific sandwich ELISA assays. 
Data shown as mean ± SEM as fold-change over NHBEs; n = 3/gp; data analyzed 
by student’s t-test; *p<0.05; **p<0.01. Original source (3). 

 

Figure 16. Differentiated bronchial epithelial cells from COPD subjects show 
increased expression of lncRNA NEAT1, MALAT1 and WAKMAR2. Relative 
transcript levels for lncRNA NEAT1 (A.), MALAT1 (B.) and WAKMAR2 (C.) in 
CHBEs compared to NHBEs. Data shown as mean ± SEM as fold-change over 
NHBEs; n = 3/gp; data analyzed by student’s t-test; *p<0.05; ***p<0.001. Original 
source (3). 
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IV. CS exposure results in an augmented inflammatory response in 

COPD HBECs 

To evaluate the CS-induced response, CHBEs and NHBEs were treated 

with 10 g/ml CSE for 48h as described previously (189), and total cell RNA was 

evaluated for changes in lncRNAs and inflammatory factors’ expression. 

Interestingly, both ICAM-loci associated lncRNAs, LASI (Figure 17A) and ICR 

(Figure 17B) were significantly upregulated with 3.3-fold and 1.9-fold upregulation 

in CSE-treated CHBEs, respectively, as compared to CSE-treated NHBEs. 

However, expression levels of NEAT1 and MALAT1 lncRNAs failed to show any 

significant change following CSE treatment (Figure 17A-17B). But the WAKMAR-

2 lncRNA levels were 2.8-fold higher following CSE-treatment of CHBEs over 

NHBEs (Figure 17C). This change in CSE-induced lncRNAs directly correlated 

with expression of ICAM-1 mRNA, which was 2.0-fold upregulated in CSE-treated 

CHBEs than NHBEs (Figure 17D). No significant changes were observed in CSE-

induced IL-6 and CXCL-8 mRNA expression between CHBEs and NHBEs (Figure 

17E-17F). These data suggest that the CSE induces a dysregulated response in 

NHBEs, and the responses are further potentiated in CHBEs; and that there is a 

potential direct regulatory relationship between LASI and ICR lncRNAs and ICAM-

1 expression. 
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Figure 17. Cigarette smoke exposure of COPD bronchial epithelial cells induce 
higher levels of immunomodulatory lncRNAs, and inflammatory factor mRNAs 
compared to non-COPD control cells. Primary NHBEs and CHBEs grown in 
submerged culture setting were treated with a 20 µg/ml cigarette smoke extract 
(CSE) and forty-eight hours after treatment cells were harvested and qRT-PCR 
was performed. Relative transcript levels for lncRNA LASI (A.), and ICR (B.) in 
CSE-treated NHBE and CHBE cells as determined by qRT-PCR. Relative mRNA 
levels of ICAM-1 (C.), IL-6 (D.), and CXCL-8 (E.) inflammatory factors. Data shown 
as mean ± SEM as fold-change over NHBEs; n = 3/gp; data analyzed by student’s 
t-test; *p<0.05; **p<0.01. Original source (3). 

 
Figure 18. Cigarette smoke exposure of COPD bronchial epithelial cells induce 
increased trends of expression of lncRNAs. Primary NHBEs and CHBEs grown in 
submerged culture setting were treated with a 20 µg/ml cigarette smoke extract 
(CSE) and forty-eight hours after treatment cells were harvested and qRT-PCR 
was performed. Relative transcript levels for lncRNA NEAT1 (A.) and MALAT1 
(B.). Data shown as mean ± SEM as fold-change over NHBEs; n = 3/gp; data 
analyzed by student’s t-test. Original source (3). 
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To further substantiate these findings, we additionally performed the 

cytometric analysis of MUC5AC and ICAM-1 protein expression in NHBEs and 

CHBEs grown on Labtech® slides and treated with 10 µg/ml CSE for 48h. Based 

on immunostaining analyses, we observed a 2.3-fold increase in the percentage 

of MUC5AC+ cells in CSE-treated NHBEs, and a 15.4-fold increase in CSE-treated 

CHBEs (Figure 19A-19B). Similarly, NHBEs showed a 2.3-fold increase in the 

percentage of ICAM-1+ cells, while CHBEs showed a 2.9-fold increase in ICAM-

1+ cells upon CSE treatment (Figure 19C-19D). These data further suggest that 

CS insult causes CHBEs to respond with a significantly more severe, dysregulated 

mucus secretory and inflammatory response. 
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Figure 19. Cigarette smoke treatment augments mucous cell hyperplasia in 
CHBEs with higher ICAM-1 protein expression compared to non-COPD control 
cells. Primary NHBEs and CHBEs grown in LabTek-II® slides were treated with a 
20 µg/ml CSE and forty-eight hours after treatment cells were fixed with 4% 
paraformaldehyde (PFA) and processed for staining with antibodies against 
MUC5AC and ICAM-1. (A.) Representative micrographs showing MUC5AC 
immunopositivity (shown in green) in NHBEs and CHBEs treated with CSE or left 
non-treated (NT), and nuclei were stained by DAPI (shown in blue), scale – 2µm. 
(B.) Quantification of MUC5AC-positive (+) cells in NHBEs and CHBEs treated 
with CSE compared to NT cells. (C.) Representative micrographs showing ICAM-
1 immunopositivity (shown in red) in NHBEs and CHBEs treated with or without 
CSE. (D.) Quantification of ICAM-1-positive (+) cells in NHBEs and CHBEs treated 
with CSE compared to NT controls. Data shown as mean ± SEM as fold-change 
compared to NT cells; n=3/gp; data analyzed by ANOVA; *p<0.05; ****p<0.0001. 
Original source (3). 
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V. Modifying LASI expression suppresses the smoke-induced 

inflammation, mucin expression, and mucus cell hyperplasia  

In order to determine whether the correlation between LASI lncRNA with 

MUC5AC and ICAM-1 expression is functionally significant, we genetically 

silenced LASI lncRNA expression using siRNAs targeting LASI (siLASI) in 

differentiated CHBEs then challenged with 10 g/ml CSE for 48h. CHBEs 

transfected with scrambled control siRNA (siCTRL) followed by 48 h 10 g/ml CSE 

treatment served as controls. Compared to siCTRL, the siLASI-transfected CHBEs 

showed a 37.5% reduction in LASI lncRNA expression (Figure 20A). Interestingly, 

even with this moderate reduction in LASI expression, there was a 63.9% reduction 

in CSE-induced MUC5AC mRNA levels in siLASI-transfected CHBEs (Figure 

20B), suggesting that functional availability of LASI lncRNA is necessary for CSE-

mediated induction of MUC5AC expression in CHBEs. Notably, we found no 

change in SPDEF transcription factor levels (Figure 21A), suggesting that a CSE-

induced and LASI-mediated MUC5AC expression may not be dependent on 

SPDEF-mediated transcriptional upregulation. Expression levels of another airway 

secretory mucin, MUC5B mRNA were not changed in siLASI-transfected CHBEs 

(Figure 21B). We also evaluated the changes in the CSE-mediated inflammatory 

responses in siLASI-transfected CHBEs. Notably, we found that siLASI induced a 

significant 36.2% reduction in ICAM-1 mRNA levels (Figure 20C) and a 66% 

reduction in IL-6 mRNA levels (Figure 20D), suggesting that LASI lncRNA may 

contribute to the expression of these inflammatory factors. However, expression 



 77 

levels of inflammatory factor CXCL-8 mRNAs were not changed in siLASI-

transfected CHBEs (Figure 21C). 

 

Figure 20. RNA silencing-mediated knockdown of LASI lncRNA suppresses the 
CSE-induced mucus secretory and inflammatory response at the mRNA level. 
CHBEs grown in 3D ALI tissue culture conditions were transfected with either 
siRNA targeting LASI (siLASI) or scrambled control siRNA (siCTRL), and cells 
were treated with 20 µg/ml CSE to obtain CSE+siLASI and CSE+siCTRL cells, 
respectively. Cells harvested forty-eight hours post CSE-treatment were analyzed 
for the expression levels of (A.) LASI lncRNA, and mRNA levels of (B.) MUC5AC, 
(C.) ICAM-1, and (D.) IL-6 by qRT-PCR. Data shown as mean ± SEM compared 
to CSE+siCTRL cells; n=4/gp; data analyzed by student’s t-test; ***p<0.001; 
****p<0.0001. Original source (3). 

 

Figure 21. RNA silencing-mediated knockdown of LASI lncRNA does not induce 
changes in several mucus secretory and inflammatory elements. CHBEs grown in 
3D ALI tissue culture conditions were transfected with either siRNA targeting LASI 
(siLASI) or scrambled control siRNA (siCTRL), and cells were treated with 20 µg/ml 
CSE to obtain CSE+siLASI and CSE+siCTRL cells, respectively. Cells harvested 
forty-eight hours post CSE-treatment were analyzed for the mRNA levels of (A.) 
SPDEF, (B.) mucin MUC5B, and (C.) CXCL-8 by qRT-PCR. Data shown as mean 
± SEM compared to CSE+siCTRL cells; n=4/gp; data analyzed by student’s t-test. 
Original source (3). 
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Next, we used sandwich ELISA to measure the secreted protein levels of 

mucin MUC5AC, and cytokines ICAM-1 and IL-6 in siLASI-transfected CHBEs 

followed by 48h CSE treatment. Interestingly, apical wash from siCTRL-

transfected CHBEs had 236.6 ng/ml of mucin MUC5AC while the siLASI-

transfected CHBEs had 73.9 ng/ml (Figure 22A). Furthermore, the culture media 

supernatants from the siLASI-transfected CHBEs had 298.2 pg/ml IL-6 levels 

compared to the 765.8 pg/ml in siCTRL-transfected CHBEs (Figure 22B), 

Similarly, siLASI-transfected CHBEs secreted 105.3 pg/ml ICAM-1 levels whereas 

the siCTRL-treated CHBEs secreted 138.3 pg/ml (Figure 22C). Overall, siLASI-

transfected CHBEs showed a 2.6-fold reduction in IL-6 and a 1.3-fold reduction in 

ICAM-1 secretory levels following CSE treatment over siCTRL-transfected 

CHBEs. Notably, CSE-induced MUC5AC mucin secretion was reduced by 3.2-fold 

in siLASI-transfected CHBEs compared to the siCTRL-transfected CHBEs.  

 

Figure 22. RNA silencing-mediated knockdown of LASI lncRNA suppresses the 
CSE-induced mucus secretory and inflammatory response in COPD bronchial 
epithelial cells at the protein level. CHBEs grown in 3D ALI tissue culture conditions 
were transfected with either siRNA targeting LASI (siLASI) or scrambled control 
siRNA (siCTRL), and cells were treated with 20 µg/ml CSE to obtain CSE+siLASI 
and CSE+siCTRL cells, respectively. Apical washes from 3D tissue cultures were 
analyzed for (A.) MUC5AC mucin by ELISA, and the basal media supernatants 
were analyzed for (B.) IL-6, and (C.) ICAM-1 protein levels by specific ELISA 
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assays. Data shown as mean ± SEM compared to CSE+siCTRL cells; n=4/gp; 
data analyzed by student’s t-test. Original source (3). 

We further corroborated the data by immunoprobing the siCTRL- and 

siLASI-transfected CHBEs for MUC5AC and ICAM-1 protein expression following 

48 h CSE treatment (Figure 23A-23B). We found that silencing LASI expression 

by siLASI resulted in a 3.1-reduction in MUC5AC-expressing (MUC5AC+) cells 

(Figure 23C) and a 2.5-fold reduction in cell expressing ICAM-1 protein (Figure 

23D). These data strongly suggest lncRNA LASI represents an important 

regulatory mediator in the CS-induced pathophysiological changes observed in 

COPD airways, including dysregulated immune response and chronic mucus 

hypersecretion.  

 

Figure 23. RNA silencing-mediated knockdown of LASI lncRNA suppresses the 
CSE-induced mucus secretory and inflammatory response in submerged cell 
culture. CHBEs grown in submerged tissue culture conditions were transfected 
with either siRNA targeting LASI (siLASI) or scrambled control siRNA (siCTRL), 
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and cells were treated with 20 µg/ml CSE to obtain CSE+siLASI and CSE+siCTRL 
cells, respectively. (A.) Representative micrographs of CHBEs transfected with 
siCTRL or siLASI and treated with CSE showing MUC5AC mucin immunopositivity 
(shown in green) and nuclei were stained by DAPI (shown in blue), scale – 5µm. 
(B.) Quantification of MUC5AC+ cells among CSE+siLASI CHBEs, shown as 
percentage of CSE+siCTRL cells. (C.) Micrographs of CHBEs showing ICAM-1 
immunopositivity (shown in red). (D.) Quantification of ICAM-1+ CHBEs.  Data 
shown as mean ± SEM compared to CSE+siCTRL cells; n=4/gp; data analyzed by 
student’s t-test; ***p<0.001. Original source (3). 

Furthermore, we explored whether ectopic LASI lncRNA expression results 

in increased expression of inflammatory factors. To determine whether LASI 

lncRNA directly mediates the expression of inflammatory factors, a lentiviral 

preparation encoding LASI lncRNA was used to transduce airway epithelial cells, 

and the ectopic LASI overexpression (LASI-OE) was followed by assessing GFP-

tag fluorescence. We transduced airway epithelial cells with both 0.5 and 2.0 MOI 

of lentiviral vector. We found that cells transduced with 0.5 and 2.0 MOI of 

lentivirus-LASI resulted in 1.7- and 4.0-fold increased expression of LASI lncRNA, 

respectively, compared to mock-transduced (0 MOI) controls (Figure 24A). 

Interestingly, LASI-OE cells showed two-fold or higher levels of ICAM-1 mRNAs 

(Figure 24B). Expression levels of IL-6 (Figure 24C) and CXCL-8 (Figure 24D) 

mRNAs were also increased by as much as eight- and four-fold, respectively. 

Thus, ectopic overexpression of LASI lncRNA directly upregulates the airway 

epithelial inflammatory factor mRNA levels.  
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Figure 24. LASI overexpression augments the expression of inflammatory factors 
in NHBE cells. (A.) Representative micrographs of cells transduced with 0, 0.5, 
and 2 MOI of LASI-OE lentiviral preparation showing GFP reporter fluorescence 
(shown in green) and phase contrast images of cells, scale – 25μm. Cells 
harvested forty-eight hours post-transduction were analyzed for expression levels 
of LASI lncRNA (B.), and mRNA levels of IL-6 (C.), ICAM-1 (D.) and CXCL-8 (E.) 
by qRT-PCR. Data shown as mean ± SEM compared to 0.0 MOI cells; n=2/gp; 
data analyzed by student’s t-test; ** p<0.01, *** p<0.001, **** p<0.0001. Original 
source (3). 

Chapter 3: Discussion 

Although there are numerous risk factors for developing COPD, CS 

exposure is the best-studied and most prevalent. Studies investigating the non-

canonical inflammatory and mucus-secretory pathways underlying CS-mediated 

airway epithelial cells pathology and COPD-related comorbidity are needed, to 

unravel molecular pathways and provide novel avenues for diagnostic and 

therapeutic intervention. The newly discovered lncRNA molecular species are 

proposed as novel cellular entities that play an important role in physiology and 

pathophysiology, and there are studies exemplifying the extent of their potential 
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roles. (167, 190) In this study, we found a strong association of immunomodulatory 

LASI lncRNA expression with CS-induced airway mucus hyperexpression and 

inflammatory responses. The correlation was observed both in a large animal 

model of CS-induced COPD, and in lung tissue samples from former smokers with 

COPD in comparison with tissues from former smokers with no COPD. We found 

that lung tissue samples of CS-exposed macaques and those of COPD patients 

(with mild and severe COPD) presented with an increased LASI lncRNA 

expression in bronchial airway epithelial cells. LASI lncRNA expression correlated 

to the increased expression of secretory mucin MUC5AC, and innate airway 

inflammatory factors, IL-6, and ICAM-1, which were all upregulated in COPD tissue 

samples and in macaques exposed to mainstream CS. These data suggested that 

LASI lncRNA may play a role in smoke-associated bronchial epithelial remodeling 

and COPD. To validate the airway epithelial specific significance of LASI lncRNA 

in CS-induced responses, we utilized a 3D airway tissue culture model of primary 

HBECs from COPD and compared the baseline and CSE-induced responses to 

that of control cells from donors with no COPD. We found that unstimulated 

CHBEs, show a baseline upregulation of LASI lncRNA, along with other 

immunomodulatory lncRNAs such as ICR, NEAT1, MALAT1, and WAKMAR2. 

However, none of these lncRNAs were responsive to CSE-treatment except for 

LASI and ICR lncRNAs. This led us to explore the responses to CS exposure and 

LASI was the only lncRNA explored in this report which showed a potentiated 

dysregulated response to CSE treatment in CHBEs as compared to NHBEs. LASI 

lncRNA further showed a strong correlation with expression levels of ICAM-1, as 
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well as IL-6 and CXCL-8, suggesting a functional importance in COPD 

pathogenesis. Accordingly, we knocked down LASI lncRNA expression in CHBEs 

and discovered that a reduction in LASI lncRNA expression resulted in a significant 

reduction in CSE-induced mucoinflammatory response by reducing the expression 

of MUC5AC, IL-6, and ICAM-1 levels both at mRNA and protein levels. These data 

thus collectively implicate LASI lncRNA as a novel mediator of CS-induced and 

COPD-associated airway pathophysiology.  

Cigarette smoking is strongly associated with COPD where more than 50% 

of COPD patients are active smokers and over 70% have a history of smoking. 

Notably, over 50% of COPD mortality is attributable to active smoking. (191) 

Patients who are exposed to CS present with exacerbated mucus secretory and 

airway inflammatory conditions. As such, the dysregulated response to smoke 

exposure may provide the most useful insight into the severe COPD pathology and 

potentially fatal exacerbations. (192, 193) Human COPD samples allow only for 

longitudinal sampling and present with extensive variability and heterogeneity, 

both based on environmental and genetic factors, leading to a need for animal-

based models to further understand COPD progression induced by chronic CS 

exposure. These models do exist and are widely studied to understand the CS-

mediated disease pathogenesis. However, further complications arise, as animal 

models such as rodent or small animal models of CS exposure do not recapitulate 

all aspects of human COPD progression, specifically in bronchial airway 

remodeling and therefore, we recently performed a study using the cynomologus 

macaque model of chronic CS exposure. This study allowed for very valuable data 
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and recapitulation of the human COPD progression and symptoms, as they were 

exposed for 27-weeks to mainstream CS. These animals were found to show 

reduced lung functions and chronic bronchitis similar to that observed in COPD 

smokers compared to control macaques kept in room air. Thus, we were able to 

employ the archived lung tissues from these well-characterized macaques to 

establish the correlation of CS-induced airway inflammatory responses with airway 

lncRNA expression. Due to the labor- and time-intensive nature of these large 

animal model studies, we are currently analyzing whether there is a murine 

homolog of LASI lncRNA or there is any other airway-specific lncRNA of rodent 

airways involved in CS-mediated inflammation. Accordingly, future studies will be 

planned to test the in vivo efficacy of targeting lncRNAs in suppressing CS-

mediated airway remodeling and mucoinflammatory responses. 

Airway mucus hypersecretion is the hallmark of COPD pathogenesis, 

enabling the compounding cascade of inflammation, ROS generation, and 

airborne pathogen retention in airways due to compromised mucociliary clearance, 

distal airway occlusion and inability to effectively clear the airways (22). Airway 

mucins MUC5AC and MUC5B are the predominant gel-forming mucins in COPD, 

and CS exposure and frequent bacterial or viral infection synergistically amplify 

MUC5AC levels. (104-108) Several other inflammatory biomarkers have been 

implicated with COPD and smoke-associated exacerbations. (194) Among the 

most prominent factors are the ICAM-family proteins, specifically ICAM-1, and an 

innate inflammatory cytokine, IL-6 which have shown strong association to 

decreased lung function in COPD, both in active and former smokers with varying 
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degree of severity. (195) Airway epithelial cells play a vital role in the secretion of 

ICAM-1 and IL-6, and could serve as drivers of the chronic changes observed in 

COPD. (68) 

Till date, thousands of lncRNAs have been discovered, however, studies on 

the functional significance of the changes in lncRNA expression are lacking. The 

structural flexibility and 3D-conformation enables lncRNAs to interact with large 

number of cellular macromolecules including proteins, DNA, RNA, and chromatin 

to modulate epigenetic and transcriptomic changes and associated cellular 

responses. (179) Large number of lncRNAs have been implicated in pathology, 

including chronic pulmonary conditions, CS-related immune responses, and 

inflammatory regulation. (167, 180, 181) LncRNA-mediated regulation of innate 

immune responses is potentially central for the establishment of host-beneficial 

trained immunity (196), but these responses could be dysregulated in case of 

chronic pulmonary disease resulting in hyperactive inflammatory responses. 

Microarray analysis has shown over 39,000 lncRNAs are differentially expressed 

in COPD patients, stratified by smoking status. (140) Numerous lncRNAs have 

been experimentally characterized and shown to affect the inflammatory 

responses of airway epithelium via epigenetic and/or transcriptomic mechanisms 

and induce an accelerated aging of lung epithelium associated with COPD. (167) 

Goblet cell hyperplasia is predominant in COPD progression, in fact 33% of 

distal conducting airway epithelium is comprised of goblet cells in severe COPD 

lungs, versus less than 5% observed in the distal airways of non-COPD lungs. 

(197) In this report, we have also reported a disease severity associated increase 
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in goblet cell hyperplasia in COPD tissue samples, with a 2.1- to 3.0-fold increase 

in goblet cell numbers per mm BL in mild and severe COPD tissues, respectively. 

This suggests accurate modeling of molecular level changes in COPD epithelium. 

We found that the lncRNA LASI correlates with disease severity, while other 

lncRNAs do not, suggesting a potential regulatory role which we further explored 

using an in vitro COPD model. Our panel of lncRNAs showed the NEAT1, MALAT1 

and WAKMAR2 were not upregulated following CSE- treatments. Interestingly, Hu 

and colleagues (2020) reported increase expression of MALAT1 in COPD lung 

tissue specimens, however we found that there was no change in MALAT1 

expression in correlation with disease severity. (181) However, to evaluate 

whether the effects observed were specifically driven by CS exposure, we relied 

on the archived tissue samples from C. macaques that were exposed to CS 

chronically and the data strongly suggests that long-term CS exposure is a driving 

factor behind the airway pathology observed. Importantly, we used primary HBECs 

from controls with no COPD and with COPD i.e., NHBEs and CHBEs for in-vitro 

validation of our ex-vivo findings. Recent reports have shown that the pathologic 

changes in epithelial histology, goblet cell numbers, and mucus hypersecretion are 

preserved in differentiated COPD subject-derived lung epithelial cells in ALI culture 

settings, and transcriptomic analysis showed over 200 differentially expressed 

transcripts. (198) The ciliary beating impairment has also been found to be 

reflected in differentiated CHBEs versus NHBEs. Here, we report a significant 

higher baseline expression, of MUC5AC, ICAM-1, and IL-6 in CHBEs, as 

compared to NHBEs without any treatment or stimulation. Thus, the in-vitro model 
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does recapitulate the differences observed in COPD subjects thus suggesting of 

epigenetic and transcriptomic transformations that are preserved in bronchial 

epithelial cells. Further, CHBEs also showed a significantly increased baseline 

levels of LASI lncRNA as compared to NHBEs. In addition, there was an increased 

expression of ICR, NEAT1, MALAT1, and WAKMAR2 lncRNAs in cultured CHBEs, 

however, we did not observe any significant change in these lncRNAs in lung 

tissue homogenates of COPD subjects. This suggests that these lncRNAs may 

respond in cell/tissue-context manner, and the epithelial expression of these 

lncRNA may not play a direct role in COPD pathogenesis.  

Also of note, we found blocking LASI lncRNA expression in CHBEs led to a 

suppressed induction of MUC5AC mucin expression with no change in 

transcription factor SPDEF expression, suggesting that CSE-mediated mucin 

expression may not directly involve the previously observed LASI lncRNA-and 

SPDEF-mediated mucin upregulation observed in allergic asthma studies. (2)  

Interestingly, this implies that NOTCH3 may not be involved in CS-mediated 

changes in airway epithelial cells. CSE exposure induces SPDEF via NOTCH3 

signaling, suggesting that LASI-mediated dysregulation is not dependent on 

NOTCH3, and further suggests a need to evaluate the role of LASI lncRNA on 

other signaling pathways involved in CS-mediated mucoinflammatory responses 

such as EGFR-mediated inflammation. (199) EGFR activation is observed both 

upon cigarette smoke exposure as well as exposure to increased levels of ROS, 

and EGFR-mediated pathways can have extensive downstream effects. EGFR-

mediated signaling is likely to be the predominant driver of airway remodeling and 
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mucus cell hyperplasia in CS-induced COPD pathogenesis, and this pathway may 

not involve SPDEF-mediated mucous responses. (2, 38) Recently, the role of TGF-

β-mediated regulation of the SMAD signaling pathway has been elucidated as a 

potential crucial pathway of mucus cell hyperplasia regulation as well as suggested 

to be a valuable potential therapeutic avenue for COPD. (54) 

In terms of molecular regulation of other inflammatory factor expression, 

lncRNAs are shown to act as molecular sponges/scaffolds for miRNAs as reported 

recently in COPD. (200-202)  For example, lncRNA TUG1 promotes airway 

remodeling via suppressing the miR-145-5p in CS-induced COPD models. The 

lncRNA NNT-AS1 was shown to regulate COPD associated airway cell 

proliferation/cell death, inflammation, and remodeling via the miR-582-5p and 

FBXO11 pathways. Interestingly, high levels of IL-6 and lncRNA IL6-AS1 were 

reported in COPD subjects with concurrent upregulation of miR-149-5p and early 

B-cell factor 1. Similar studies are underway to determine possible LASI lncRNA 

binding partners that contribute to airway inflammation and mucin expression.  

LncRNAs modulate gene expression at multiple levels to alter the cell 

functions/responses. They are known to modulate chromatin structure or bind to 

directly to DNA. They can also bind to and suppress the expression of miRNAs or 

pre-miRNAs. (179, 203) LncRNAs can directly enhance or suppress the 

expression of many mRNAs or functional transcripts. In our studies, knockdown of 

LASI lncRNA led to a suppressed expression of CSE-induced ICAM-1 and IL-6 

mRNAs suggesting that there is no direct interaction between LASI lncRNA and 

ICAM-1 or IL-6 mRNAs. Instead, LASI lncRNA may be indirectly affecting the 
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transcription of ICAM-1 and IL-6, whereby LASI lncRNA may be regulating the 

other intermediary immunoregulatory elements such as miRNAs or promoters 

upstream of ICAM-1 and IL-6. Accordingly, our data posit that LASI lncRNA may 

not be directly interacting with ICAM-1 protein, mRNA, or pre-mRNA, but 

experimental validation are needed. In a separate study we have observed that 

silencing ICAM-1 expression does not affect the LASI lncRNA levels (data not 

shown), thus implicating that the expression levels of these transcripts are driven 

independently via possible mutually exclusive transcriptional regulation of the 

opposite strands. The data further suggests that at the transcription level, a direct 

induction of LASI lncRNA by CSE treatment may be one of the drivers for the 

COPD associated mucoinflammatory responses. Furthermore, we observed that 

LASI lncRNA was expressed in perinuclear region and cytosolic regions of 

bronchial airway epithelial cells of both macaques and human tissues. RNA-

interference based silencing works primarily in the cytosolic region and even with 

only 37.5% suppression of LASI lncRNA levels, we observed a highly significant 

reduction in CSE- induced MUC5AC, ICAM-1, and IL-6 expression. This data does 

suggest that cytosolic LASI lncRNA may be important mediator of 

mucoinflammatory response, but further cell fractionation studies are needed to 

determine the subcellular location specific role of LASI lncRNAs in driving the CSE-

treatment and COPD associated inflammatory responses.  

The present study has several limitations as outlined here and should be 

strongly considered for drawing the inferences. Firstly, the archived lung tissues 

from the large animal model study are from female macaques only as human 
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epidemiological studies suggest that female smokers how higher prevalence of 

COPD than males but the data presented here should be interpreted accordingly. 

Secondly, human lung tissue samples provide by LTRC (NIH), but the COPD 

patient cohort data collection relies on self-reported smoking history and lacks 

accuracy. Thirdly, the in-vitro modeling studies used NHBEs and CHBEs from 

three separate donors only and are from a commercial supplier with no information 

provided on the race, age, gender, or smoking history. Moreover, the in-vitro 

modeling used bronchial airway epithelial cells only and responses in other 

epithelial and submucosal cells are not investigated that could drive smoke- and 

COPD-associated airway remodeling.  Additionally, this study is focused on LASI 

lncRNA only, which may act synergistically with additional lncRNAs, specifically 

with ICR lncRNA. Furthermore, the studies reported here used acute model of CS 

exposure using CS extract instead of direct mainstream smoke exposure. 

However, with data presented from animal model of CS exposure, and from COPD 

tissue and airway epithelial cells, this study does corroborate the strong 

association of LASI lncRNA with CS-induced transcriptional modulation of airway 

mucoinflammatory responses.  

In conclusion, this study elucidates LASI lncRNA as a novel regulator of 

CSE-induced and COPD-associated airway epithelial dysregulation and further 

suggests that targeting LASI lncRNA expression could present a novel therapeutic 

intervention modality to treat COPD phenotypes of upper airways. Specifically, the 

currently available therapies have limited success in treating COPD 

pathophysiologies creating an unmet need in discovery of novel therapeutic 
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avenues (204-206). Recent epidemiological and pathological studies have shown 

that mucus hypersecretion is a prime target of COPD treatment avenues. (207) 

Thus, airway epithelial expressed LASI lncRNA may provide additional novel 

method of controlling mucous responses specifically when noncoding RNA-based 

therapeutics are shown to be promising treatment modalities. (208) The present 

study also suggests that the lncRNA ICR may play a similarly important role in 

CHBE dysregulation and requires further investigation. Future experiments will 

investigate the mechanism of action of LASI lncRNA to identify its binding partners 

and potential interactions that regulate airway innate immune responses. It is also 

likely that the mechanisms underlying LASI lncRNA effects are complex and may 

involve numerous downstream elements. One of the primary reasons that lncRNAs 

such as LASI are valuable is the fact they are shown in literature to be able to exert 

their effect via multiple effector elements and mediate the general cellular 

response. This may provide unique opportunities to address chronic diseases such 

as COPD, as compared to therapies that have already been attempted, this may 

allow us to moderate the general cellular responses, in contrast to significantly 

knocking down individual inflammatory or mucus-secretory elements, thus leading 

to unacceptable side effects and consequences. This study is the first step in 

understanding the roles of lncRNA LASI and its potential value for treating 

diseases such as COPD, and further understanding its role, as well as the roles of 

other lncRNA molecules that may interact in conjunction with LASI or 

independently offers more pathways for future therapeutic approach. 
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Chapter 4: Immunomodulatory LncRNA LASI augments SARS-CoV-2 

infection-associated airway mucoinflammatory phenotype 

Data Included in this chapter was originally published by CellPress 

publishing group, “Immunomodulatory LncRNA on Antisense Strand of ICAM-1 

Augments the SARS-CoV-2 Infection Associated Airway Mucoinflammatory 

Phenotype”, 2022, DOI: 10.1016/j.isci.2022.104685. 

Chapter 4: Introduction  

I. The current state of SARS-CoV-2 

Vaccination efforts have helped greatly reduce the COVID-19 spread, 

although variants arising from genomic mutations pose a significant risk even 

among vaccinated people. (209-211) SARS-CoV-2 gains entry via the upper 

respiratory mucosa and any host factor dysregulations occurring during this 

interaction can result in pulmonary and/or extrapulmonary complications. (212-

215) In the first week of infection viral shedding and replication are relatively 

predominant in upper respiratory tract. (216) During these events, the virus evades 

host mucosal and innate immune responses allowing it to move towards the lower 

respiratory tract and eventually to systemic invasion. (217) As such, limiting 

shedding and viral replication in the upper respiratory tract can help block disease 

progression and, importantly, the expression of viral receptors can be regulated by 

various immunomodulators. That said, besides being the protective barrier and a 

competent airway lumen clearance mechanism, airway mucins typically moderate 

the mucosal immune responses. (218) During SARS-CoV-2 infection, however, 

induced inflammatory factors drive airway tissue remodeling, and severe 
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inflammation can cause mucus hyperexpression potentially leading to acute 

respiratory distress syndrome (ARDS).  

II. LncRNAs and SARS-CoV-2 interaction 

Analyzing host-viral interactions is vital for understanding viral 

pathogenesis. Several notable protein interactions necessary for SARS-CoV-2 

infection and/or progression are now well documented; specific roles for the host 

lncRNAs during SARS-CoV-2 infection remain elusive. Roles for lncRNAs in 

regulating virtually every cellular function have now been reported including 

moderating the immune response of infected host cells as well as regulating the 

genomic packing and replication of several viruses. (166, 167, 203) LncRNAs play 

a vital role in regulating the innate immune responses and recent studies have 

shown that specific lncRNAs are differentially expressed during host-pathogen 

interactions following viral infection. (219-222) Although a few reports have 

examined lncRNA expression profiles for stratifying the COVID-19 disease 

severity and associated immune dysfunction, (223-226) studies examining roles 

for respiratory epithelia specific lncRNAs in SARS-CoV-2 infection are far more 

limited. (221, 222)  Our recent studies identified a novel epithelial lncRNA LASI 

that is differentially expressed during the mucus hypersecretory response. (2) 

Here, we have assessed the acute mucoinflammatory response, i.e., the excessive 

mucus expression and inflammation, and other immunomodulatory factors and 

lncRNAs in a 3D airway tissue model of acute SARS-CoV-2 infection and COVID-

19 patient nasopharyngeal samples to gain novel insights into early innate 

responses of human respiratory cells. 
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Chapter 4: Methods 

I. Datasets and bioinformatics 

Raw RNA sequencing datasets were retrieved from the sequence read 

archive (SRA) database under accession no. PRJNA730941. Single-end FASTQ 

files for all COVID-19 patients and healthy controls were obtained using the SRA 

toolkit version 2.11.2 that was reported recently. (227) FASTQ files were converted 

to FASTA using seqtk (https://github.com/lh3/seqtk). Reads were aligned to a 

database consisting of select cDNA sequences (obtained from Ensembl Biomart) 

using BLAST+ (version 2.11.0). Alignments were required to uniquely map to a 

single cDNA and bear >94% identity over 100 base pairs. Reads aligning to 

individual genes were enumerated and gene expression calculated in Reads Per 

Million (RPM). 

II. COVID-19 patient samples 

COVID-19 patient nasal swab samples were either obtained from the 

University of Miami Biobank facility or iSpecimen Inc. (Lexington, MA). Frozen cell 

pellets were processed for total RNA isolation and formalin-fixed cells were spread 

onto the slides for downstream analysis.  

III. Airway epithelial cell model of SARS-CoV-2 infection  

Studies involving SARS-CoV-2 virus infection were conducted at the 

University of Nebraska Medical Center BSL-3 high containment core facility. 

SARS-CoV-2 isolate USA-WI1/2020 (BEI; cat# NR-52384, B.1.1.7) was passaged 

in Vero-STA-1 knockout cells and viral titer was determined using plaque assay 
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(228, 229). Primary human airway epithelial cells were purchased either from the 

Marsico Lung Institute Tissue Core (University of North Carolina) or from MatTek 

Incorp (EpiAirway™, MA). Airway epithelial cells were infected with 1 MOI of 

SARS-CoV-2 inoculum prepared in culture media. For 3D ALI cultured cells, 200 

µl was added to the apical surface and 1 ml was added to the basal side. Infected 

transwells were incubated for 1 h at 37°C in 5% CO2 incubator and the plates were 

gently mixed every 15 m. After 30 m, apical inoculum was removed and added to 

the basal media and after additional 30 m total virus inoculum was removed. 

Transwells were washed thoroughly with PBS and fresh media was added basally. 

Apical washes and basolateral medium culture supernatants were collected at 1, 

4, 24, and 48 h post-infection (hpi) and stored at -80oC for downstream analysis, 

viral titration, and cytokine analysis. Cells were either lyzed in RLT buffer (RNeasy, 

Qiagen Inc) with 143 mM 2-ME for total RNA isolation or were fixed with 4% PFA 

(paraformaldehyde).  

IV. Immunohistochemistry and immunocytochemistry 

Tissue sections or fixed cells were washed in 0.05% V Brij-35 in PBS+. 

Antigen retrieval was performed using 10 mM citrate buffer (pH 6.0). Blocking 

solution (1% NDS, 3% BSA, 1% gel, 0.2% TX-1000 and 0.2% saponin in PBS+) 

incubation was conducted for 1 hour at room temperature followed by incubation 

at 4°C overnight with primary antibodies against mucin MUC5AC (Millipore Sigma) 

and pan-cytokeratin (pan-CK, Santa Cruz Biotechnology). Appropriate DyLight® 

fluorescently-conjugated secondary antibodies (Abcam) were used, and sections 
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were incubated for 1 hour at room temperature. Sections were mounted with DAPI-

containing Fluormount-G. Immunofluorescent images were captured using the 

Keyence BZ-X700 microscope and image analysis was conducted using the 

ImageJ software (NIH). Mean fluorescence intensity per number of epithelial cells 

was used to compare mucin MUC5AC expression levels. Pan-CK was used as a 

confirmation of epithelial cell identity. Tissue sections were deparaffinized and 

hydrated in graded ethanol and deionized water. Histochemical staining was 

conducted with Alcian blue-period acid Schiff (AB-PAS) or AB followed by 

hematoxylin and eosin (H&E) or AB-H&E staining as described (102). The mucus 

secretory cells (goblet/mucous cells) were quantified as a total number of AB-

PAS+ or just AB+ cells per mm basal lamina for each image. For immunostaining 

analyses, cell cultures grown in Nunc™ Lab-Tek™ II 8-chamber slide system were 

washed using 0.05% v Brij-35 in PBS(+) and immunostained as described 

previously (2). Cells were stained with antibodies to mucin MUC5AC (Millipore, 

Inc.), ICAM-1 (Cell Signaling Technology, Inc.) and pan cytokeratin (Cell Signaling 

Technology, Inc.). Immunostained cells were detected using respective secondary 

fluor-conjugated antibodies (Thermo Fisher Scientific, Inc) and mounted with 

DAPI-containing mounting media. Immunofluorescent images were captured using 

a Keyence BZ-X710 all-in-one fluorescence microscopy system and were 

analyzed using Keyence analysis software and Image J software (National 

Institutes of Health). Groups of NHBEs and CHBEs stained with MUC5AC, or 

ICAM-1 were analyzed separately, with exposure adjusted for each treatment. 

Once exposure was adjusted for MUC5AC and ICAM-1 groups, positive cells were 



 97 

counted as a percentage of the total cell number. The raw percentages were 

calculated as the fold-change compared to non-treated (NT) NHBE group.  

V. Real-time quantitative PCR (RT-qPCR) 

For all RT-qPCR analysis, total RNA extraction was performed using the 

RNeasy Mini kit (Qiagen) according to manufacturer’s instructions. Briefly, tissues 

were resected and collected tissue was measured to be under 30 mg. Tissue lysis 

was performed using TissueLyser® LT (Qiagen) at 50 Hz for 3 minutes. RNA 

concentration was quantified using the Synergy HTX reader (BioTek, VT). 

Complementary (c)DNA was synthesized using the iScript Advanced cDNA 

synthesis kit (Bio-Rad), per manufacturer’s instructions or by using the Applied 

Biosystems™ High-Capacity RNA-to-cDNA™ Kit per the manufacturer’s 

instructions. For qRT-PCR, FAM-based and SYBR Green primers were used. The 

LASI, ICR, WAKMAR-2, NEAT1, MALAT1 lncRNAs and MUC5AC and SPDEF 

mRNA levels were quantified using FAM-based primer/probe sets and TaqMan 

gene expression kit or the SsoFast qPCR master mix (Applied Biosystems, 

Thermo Fisher). ICAM-1, IL6, and CXCL8 mRNA levels were quantified using 

SYBR Green-based primers and the iTaq master mix (Bio-Rad). qRT-PCR was 

conducted using the Bio-Rad CFX Real-Time PCR detection system. 

Quantification and analysis of the results was performed using the delta-delta 

(ΔΔ)Ct method and U6 noncoding small nuclear RNA (snRNA), glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) or beta actin were used as reference genes 

for lncRNA expression levels expression levels as described recently. (101) To 
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detect the miRNA levels, cDNA was synthesized from isolated total RNA with a 

TaqMan® Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, 

ThermoFisher Inc.). TaqMan® Advanced miRNA assays for let-7b-5p, hsa-miR-

150-5p, hsa-miR-197-3p, hsa-miR-200a-5p, hsa-miR-125b-1-3p and hsa-miR-

4488 were obtained from Applied Biosystems (ThermoFisher Inc.), and the 

expression levels were quantified by qRT-PCR using TaqMan® Fast Advanced 

Master Mix (ThermoFisher Inc.). Relative quantities were calculated by normalizing 

data to U6 snRNA (Applied Biosystems, ThermoFisher Inc.). 

VI. RNA fluorescence in situ hybridization (RNA-FISH) 

The RNAScope® 2.5 HD duplex assay and reagent kit (Advanced Cell 

Diagnostics, Biotechne) was used for RNA FISH as per the manufacturer’s 

instructions. A double-Z probe set against LASI was designed containing 20 dual 

probes targeting various segments across the LASI lncRNA. RNA FISH was 

conducted on paraffin-embedded 5 µm tissue sections obtained from the LTRC of 

the NIH. Deparaffinization was conducted in consecutive xylene, graded ethanol, 

and deionized water. Pretreatment was conducted with hydrogen peroxide solution 

and the RNAScope® target retrieval buffer and protease plus solutions were used 

to exposure the antigen. Probe hybridization was conducted for 2 hours at 40°C in 

the HybEZ® II oven. The signal was amplified using the Amp1, Amp2, Amp3 and 

the HRP probe at 40°C in the HybEZ® II oven. The signal was detected using the 

tyramide signal amplification (TSA) reaction with an Alexa fluor labeled TSA kit 

(Perkin Elmer). Sections were then processed for immunohistochemistry or directly 



 99 

mounted with the 4’,6-diamidino-2-phenylindole (DAPI)-containing Fluormount-G 

(Southern Biotechnology). Images were captured using the Keyence BZ-X700 

structured illumination fluorescent microscope. Analysis was conducted with the 

Keyence BZ-X analysis software and using the ImageJ software (NIH). RNA FISH 

quantification was conducted according the RNAScope® histo (H)-score 

methodology. In each image, probe signals were counted for each cell, both in the 

nuclear and cytosolic region and assigned to appropriate bins: bin 0 (no signals), 

bin 1 (1-3 signals/cell), bin 2 (4-9 signals/cell), bin 3 (10-15 signals/cell) and bin 4 

(>15 signals/cell). The H-score was calculated as follows: H-score was the sum of 

each bin multiplied by the percentage of cells that fall into that bin. H-score = (0 x 

% cells in bin 0) + (1 x % cells in bin 1) + (2 x % cells in bin 2) + (3 x % cells in bin 

3) + (4 x % cells in bin 4). Final H-scores ranged from 0 to 400 per group.  

VII. Enzyme-linked immunosorbent assays (ELISAs) 

Culture media and apical cell culture washes from NHBEs and CHBEs 

differentiated in 3D ALI culture for 28 days was collected prior to CSE treatment 

and every two days after treatment. Final apical washes and culture media 

supernatant were collected prior to the termination of the experiment and was 

either stored at -80C or processed for analysis. The protein levels of MUC5AC, 

ICAM-1, and IL-6 were determined using human ELISA kits against MUC5AC 

(MyBioSource Inc., San Diego, CA), ICAM-1 (LifeSpan Biosciences Inc., Seattle, 

WA), and IL-6 (BioLegend Inc., San Diego, CA), respectively, as per 

manufacturers’ instructions. 
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VIII. Modeling of potential interaction site prediction and system 

preparation 

The IntaRNA 2.0 webserver (230) was used to predict potential RNA-RNA 

binding sites between the SARS-CoV-2 spike viral RNA and LASI lncRNA. The 

SARS-CoV-2 vRNA sequence 1227-1238 nucleotide (nt) was predicted to bind 

LASI lncRNA sequence at 635-646 nt. To generate a 3D structure of SARS-CoV-

2 vRNA duplexed with the interacting sequence of LASI lncRNA, SARS-CoV-2 

sequence from 1198-1268 nt was used. To allow LASI lncRNA nucleotides to 

base-pair with SARS-CoV-2 vRNA, we concatenated LASI lncRNA sequence 635-

646 nt next to the SARS-CoV-2 vRNA 1227-1238. This tandem sequence was 

then used to predict the 3D structure using RNAComposer (231) webserver, with 

the secondary structure information provided by RNAfold. (232) Finally, LASI 

lncRNA segment was renamed as a different chain (chain B), with remaining 

SARS-CoV-2 S vRNA sequence renumbered (chain A). Resulting complex is 

energy minimized, equilibrated, and further relaxed with molecular dynamics (MD) 

simulations. 

IX. System setup and molecular dynamics simulations 

The CHARMM-GUI (233) Solution Builder tool was used to prepare the 

system for MD simulations. The solvated system with a physiological salt 

concentration of 0.15 M KCl contained a total of 87,000 atoms. All-atom MD 

simulations were performed using the CUDA version of NAMD 2.14 (234) with the 

Charmm36m force field (235). Briefly, the structure was minimized for 10,000 steps 
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with the steepest descent method and equilibrated for 125,000 steps with 2 fs 

timestep under NVT (constant volume and temperature) conditions. The 

production run was performed under NPT (constant pressure and temperature) 

conditions at a temperature of 303.15 K and a pressure of 1 bar. The production 

run consisted of 2 fs timesteps and a total of 50M steps collecting a 100-ns 

trajectory. Visualization and analysis of the trajectories were performed with visual 

molecular dynamics (VMD). (236)  

X. RNA interference-based lncRNA silencing  

The 3D cultured cells were transfected with siRNA specific to LASI (siLASI) 

or control siRNAs (siCTRL) using X2 (Mirus biotechnologies) transfection reagent 

(custom made by IDT technologies Inc.) as per manufacturer’s instructions and as 

described recently. (2) After 48h, cells were infected with 1 MOI of SARS-CoV-2 

clinical isolate, and cells, apical wash and the basal media supernatant were 

analyzed at 48 hpi. 

XI. Small RNA sequencing analysis 

Small RNA-seq was performed by Novogene inc. using an Illumina HiSeq 

v4 genome sequencer with 20M SE50 Reads. RNA was isolated from the 3D 

cultured airway cells infected with SARS-CoV-2 and transfected with siLASI to 

block LASI lncRNA expression. Briefly, Novogene employed the NEB-Next 

Multiplex Small RNA Library Prep Set for Illumina (NEB) coupled with automated 

agarose gel size selection (30 to 200 nt) using the Pipin Prep Instrument (Sage 

Science) for small RNA library preparation. Raw RNA sequencing datasets were 
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retrieved, and FASTQ files were converted to FASTA using seqtk 

(https://github.com/lh3/seqtk). Adapter sequences were removed with cutadapt, 

and reads were aligned to the GRCh38.P10 reference genome using BLAST+ 

(version 2.11.0). (237) Alignments were required to uniquely map to a single 

position and bear 100% identity over at least 17 base pairs. Reads aligning to 

individual microRNAs were enumerated and gene expression calculated in Reads 

Per Million (RPM). Heat maps and unsupervised hierarchical clustering were 

generated using Heatmapper. (238) 

XII. Statistical analysis 

Mean and standard error for replicates of the experiments were calculated, 

plotted, and analyzed using GraphPad Prism v9.0 (GraphPad Software Inc., San 

Diego, CA). Grouped results were analyzed using a one-way analysis of variance 

(ANOVA) with multiple comparisons, and student’s t-test was used for data 

analysis between two groups. Data with FDR (false discovery rate) adjusted p-

value threshold of ≤0.05 are considered as significantly relevant using Benjamini-

Hochberg correction. 
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Chapter 4: Results 

I. SARS-CoV-2 infected individuals show induced airway mucus and 

inflammatory responses and increased LASI lncRNA expression  

The mucosal immune response of the upper respiratory tract plays a critical 

role in viral entry, replication and dissemination of systemic infection, and 

expiratory shedding. Several innate immunoregulatory transcripts of both protein-

coding and non-coding RNAs are implicated in the SARS-CoV-2 infection and host 

antiviral response, yet very few validated roles of lncRNAs have been reported. 

Therefore, we performed an analysis of the airway immune response in publicly 

available RNA sequencing datasets obtained from SARS-CoV-2-positive (CoV-2+) 

patients and uninfected (CoV-2-) controls (Geneset Accession: PRJNA730941). 

(227) Our initial analysis examined RNA-seq files obtained from nasal swab 

samples of 26 CoV-2+ and 8 CoV-2- controls. We specifically analyzed for the lung 

mucoinflammatory response genes and associated lncRNAs, and the expression 

levels of IL-6, ICAM-1, and CXCL-8 mRNAs were around ten-, six-, and five-fold 

higher in CoV-2+ individuals, respectively, compared to CoV-2- controls (Figure 

26A). Although roles for airway mucins in innate antiviral immunity are well 

documented (25, 239), SARS-CoV-2 infection-associated mucin signatures have 

not been thoroughly evaluated to date. (240) 
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Figure 25. Experimental study design - Immunomodulatory LncRNA LASI 
Augments SARS-CoV-2 Infection-Associated Airway Mucoinflammatory 
Phenotype. Created with BioRender.com. Original source (1). 

Notably, the airway secretory mucin MUC5AC mRNA levels in the present 

cohort were four-fold higher in CoV-2+ individuals than in CoV-2- controls (Figure 

26B). The expression levels of host factors facilitating the viral entry, such as 

ACE2, NRP1, DPP4, IFITM, and DDX1 as well the Spike protein processing 

cellular proteases like TMRPSS2, Furin, CTSB, CTSL and TMPRSS11D showed 
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no significant change between CoV-2 positive vs. negative individuals (data not 

shown). 

 

Figure 26. Expression levels of transcripts encoding inflammatory factors, airway 
secretory mucins, associated transcription factors, and select lncRNAs in the RNA-
seq database of nasopharyngeal swabs of SARS-CoV-2 positive individuals. 
Relative expression of (A.) airway inflammatory factors IL-6, ICAM-1, and CXCL-
8 mRNAs; (B.)  airway mucins MUC5AC and MUC5B mRNAs; (C.) transcription 
factors SPDEF, FOXA3, and FOXJ1 mRNAs; and (D.) lncRNAs LASI, NEAT1, and 
MALAT1 in SARS-CoV-2 positive (CoV-2+) individuals compared to SARS-CoV-2 
negative (CoV-2-) control individuals. The expression levels were calculated from 
the transcript reads per million (RPM) RNA-seq data of nasopharyngeal swabs 
from CoV-2+ subjects (n=26) compared to CoV-2- control subjects (n=8) as 
reported recently (227). (Data shown as violin plots with individual data points, 
medians, and quartiles; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 by Student’s 
t-test). Dr. G. Borchert was the major contributor for this data. Original source (1). 

We have recently characterized airway lncRNAs that play essential roles in 

innate immune responses of respiratory mucosa (2, 167) and propose that these 

immunomodulatory lncRNAs may be dysregulated during SARS-CoV-2 infection 

and thus drive the COVID-19-associated respiratory comorbidities. Among the 

immunomodulatory lncRNAs analyzed (Figure 26D), we found that a lncRNA 

antisense to ICAM-1 or LASI (2) showed two-fold higher expression in CoV-2+ 

individuals compared to CoV-2- controls. In contrast, expression levels of NEAT1 

or Nuclear Enriched Abundant Transcript-1 (222, 241, 242) and MALAT1 or 

Metastasis Associated Lung Adenocarcinoma Transcript-1 (243) lncRNAs 
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exhibited no significant change (Figure 26D). Thus, our analyses indicate that 

compared to CoV-2- controls, the airway mucoinflammatory gene signature are 

strongly correlated with induced LASI lncRNA expression among CoV-2+ 

individuals. 

II. COVID-19 positive individuals with higher viral load show increased 

mucoinflammatory response 

Table 3. Demographics of COVID-19 patients whose nasopharyngeal swab 
samples were analyzed. Medical history was available for twelve patients. Original 
source (1). 

 Lo-VL Hi-VL P-value 

Subjects 10 (7) 10 (5)  

Sex (M/F) 6M/4F 7M/3F  

Age (Y) 61.5±4.0 63.1±3.8 0.8163 

SARS-CoV-2 N1 vRNA (CT) 35.5±0.7 25.9±1.3 <0.0001 

Hospitalization 7 5  

Hypertension 5 5  

Diabetes 4 0  

Infectious Disease 1 2  

Pneumonia 5 5  

Oxygen Supplementation (>6L O2) 1 5  

ICU 3 5  

ARDS 3 5  

Obesity 5 3  
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Recent epidemiological and clinical studies suggest that there is no 

difference in SARS-CoV-2 viral load between symptomatic and asymptomatic 

CoV-2+ individuals; however, disease severity and mortality rate among 

symptomatic individuals is directly correlated with airway viral load. (242, 244, 245) 

Therefore, to assess the correlation of viral load with mucoinflammatory responses 

and associated lncRNAs, we examined the nasopharyngeal swab samples 

procured locally from twenty CoV-2+ individuals (Table 3). Viral load in each 

subject was determined by qRT-PCR for SARS-CoV-2 N1 nucleocapsid viral RNA 

(vRNA) levels and were assigned as low-viral load (Lo-VL) or high-viral load (Hi-

VL) CoV-2+ samples based on the cycle threshold (CT) values of >30 or <30, 

respectively (Figure 27A). Applying this threshold, 10 subjects were characterized 

as Hi-VL (CT =25.9±1.3; 7M/3F, 63.1±3.8 y) and 10 as Lo-VL (CT=35.5±0.7; 6M/4F, 

61.5±4.0 y) with Hi-VL subjects exhibiting 100-fold higher CoV-2 vRNA levels than 

Lo-VL subjects (Figure 27A). Hi-VL samples exhibited ~1.5-fold higher IL-6 

(Figure 27B) and ICAM-1 (Figure 27C) mRNAs compared to Lo-VL samples. And 

when the expression levels were analyzed in individual samples, the expression 

levels of IL-6 (Figure 27B) and ICAM-1 (Figure 27C) mRNAs significantly 

correlated with CoV-2 N1 viral RNA levels, showing distinct clustering of Hi-VL and 

Lo-VL subjects. In agreement with RNA-seq database analyses (Figure 26), all of 

the nasal swab samples in our study cohort showed upregulated mucin expression 

with Hi-VL samples exhibiting robust ~10-fold higher MUC5AC (Figure 27D) and 

4-fold higher MUC5B (Figure 27E) mucin mRNA levels. SPDEF mRNA expression 
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was also increased by ~5-fold in Hi-VL subjects (Figure 27F), and surprisingly, 

SCGB1A1 expression was ~4-fold higher in Hi-VL subjects (data not shown). 

 

Figure 27. COVID-19 positive individuals with high nasopharyngeal viral load 
show increased mucoinflammatory phenotype compared to low viral load 
individuals. Total RNA from nasopharyngeal swab samples of COVID-19 positive 
individuals (n=20) were analyzed. Based on the SARS-CoV-2 nucleocapsid viral 
RNA expression, the individuals with high viral load (Hi-VL) had average CT values 
of 25.9±1.3 (n=10), whereas those with low viral load (Lo-VL) had average CT 
values of 35.5±0.7 (n=10). Relative mRNA expression of: (A.) SARS-CoV-2 viral 
RNA (CoV-2 vRNA); innate inflammatory factors, (B.) IL-6, and (C.) ICAM-1; 
Airway mucins (D.) MUC5AC, and (E.) MUC5B; and (F.) mucin regulatory 
transcriptional factor SPDEF in Hi-VL compared to Lo-VL patient swab samples. 
(Data shown as box and whisker plots with minimum to maximum range; n=10/gp; 
*p<0.05; **p<0.01; ***p<0.001 by Student’s t-test). Dr. D. Devadoss was the major 
contributor for this data. Original source (1). 

Taken together, these data do indicate that SARS-CoV-2 viral load dictates 

the extent of airway mucin and associated inflammatory factor expression among 

COVID-19-positive individuals. 
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III. Innate immunomodulatory lncRNAs are associated with SARS-CoV-2 

viral load 

Next, we analyzed the expression levels of select airway lncRNAs in our 

cohort. We found that compared to the Lo-VL samples, the expression levels of 

lncRNA LASI (Figure 28A), NEAT1 (Figure 28B), and a wound and keratinocyte 

migration-associated lncRNA 2 (WAKMAR2) (Figure 28D) were all significantly 

upregulated in Hi-VL samples whereas lncRNA MALAT1 levels were not 

significantly altered (Figure 28C). These data suggest that LASI lncRNA which 

plays pivotal role in airway innate responses (2), may be involved in SARS-CoV-

2-associated airway inflammation. We next performed an RNA-FISH analysis to 

examine LASI lncRNA expression in airway epithelial cells of nasal swab samples 

and cells were also labelled for SARS-CoV-2 N1 viral RNA (vRNA). Compared to 

Lo-VL samples, SARS-CoV-2 N1 vRNA and LASI transcripts were enriched in 

perinuclear and cytosolic regions with increased expression of LASI in Hi-VL 

subjects (Figure 29E). In agreement with qRT-PCR analyses (Figure 28A), the H-

score values that denote RNA expression per cell, as described recently (2), were 

2.7- and 2.4-fold higher for vRNA and LASI lncRNA, respectively, in Hi-VL 

compared to Lo-VL samples (Figure 29G). The protein expression of MUC5AC 

mucin as determined by immunopositivity was ~16-fold higher in Hi-VL vs Lo-VL 

samples (Figure 29F-29H). 
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Figure 28. COVID-19 positive individuals with high viral load show increased 
immunomodulatory lncRNAs and the secretory mucin MUC5AC expression. 
Relative expression of immunomodulatory lncRNAs, (A.) LASI, (B.) NEAT1, (C.) 
MALAT1, and (D.) WAKMAR2 in Hi-VL compared to Lo-VL individuals’ swab 
samples. (E.) The dual-FISH analysis detected colocalization of SARS-CoV-2 viral 
RNA (vRNA) and LASI lncRNA in nasal swab samples. Representative 
micrographs from Lo-VL and Hi-VL swab samples display detection of SARS-CoV-
2 nucleocapsid (CoV-2) vRNA (green) and LASI lncRNA (red) along with DAPI-
stained nuclei (blue). (F.) Nasal swab cells showing immunoreactive MUC5AC 
expression (shown in white) in the dual-FISH labeled cells, scale – 2 µ. (G.) H-
score quantitation of vRNA and LASI lncRNA in COVID-19 positive individuals. (H.) 
Relative quantitation of mean fluorescence intensity (MFI) of MUC5AC expression 
in Lo-VL and Hi-VL swab samples. (n=10/gp for data in A, B, C, & D; and n=4/gp 
for data in G & H; *p<0.05; **p<0.01; ***p<0.001 by Student’s t-test) Dr. D. 
Devadoss was the major contributor for this data. Original source (1). 

Thus, these set of data indicate that the immunomodulatory LASI lncRNA 

expression is significantly induced in Hi-VL patient cells compared to those with 
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Lo-VL and its expression strongly correlates with MUC5AC mucin expression in 

airway cells corroborating the RNA-seq data analyses (Figure 29E).  

 

Figure 29. COVID-19 positive individuals with high viral load show increased 
immunomodulatory lncRNAs and the secretory mucin MUC5AC expression. 
Relative expression of immunomodulatory lncRNAs, (A.) LASI, (B.) NEAT1, (C.) 
MALAT1, and (D.) WAKMAR2 in Hi-VL compared to Lo-VL individuals’ swab 
samples. (E.) The dual-FISH analysis detected colocalization of SARS-CoV-2 viral 
RNA (vRNA) and LASI lncRNA in nasal swab samples. Representative 
micrographs from Lo-VL and Hi-VL swab samples display detection of SARS-CoV-
2 nucleocapsid (CoV-2) vRNA (green) and LASI lncRNA (red) along with DAPI-
stained nuclei (blue). (F.) Nasal swab cells showing immunoreactive MUC5AC 
expression (shown in white) in the dual-FISH labeled cells, scale – 2 µ. (G.) H-
score quantitation of vRNA and LASI lncRNA in COVID-19 positive individuals. (H.) 
Relative quantitation of mean fluorescence intensity (MFI) of MUC5AC expression 
in Lo-VL and Hi-VL swab samples. (n=10/gp for data in A, B, C, & D; and n=4/gp 
for data in G & H; *p<0.05; **p<0.01; ***p<0.001 by Student’s t-test) Dr. D. 
Devadoss was the major contributor for this data. Original source (1). 
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IV. 3D airway tissue model of SARS-CoV-2 infection demonstrates an 

immediate-early hyper-mucoinflammatory response 

To better understand the association of CoV-2 induced airway inflammatory 

response and LASI lncRNA, a 3D airway tissue culture model of SARS-COV-2 

infection was employed. Briefly, the primary human airway epithelial cells 

differentiated on air-liquid interface to mimic the conducting airway epithelium were 

infected with 1 MOI of SARS-CoV-2 primary clinical isolate (USA-WI1/2020). CoV-

2 vRNA load was followed in apical washes, in the basal culture supernatant, and 

in cells at 0, 1, 4, 24, and 48 h post-infection (hpi). In apical washes, 0.89 x 105 

viral genomic equivalents per ml were observed at 1 hpi, increasing to 20.2, 31.2, 

and 14.7 x 105 at 4, 24, and 48 hpi, respectively (Figure 30A). Viral load in basal 

media supernatant was 0.3 x 105 per ml at 1 hpi then increased to 3.6, 4.3, and 

5.0 x 105 at 4, 24, and 48 hpi, respectively (Figure 31A). The cellular level of CoV-

2 vRNA increased by 2.0-, 7.0-, and 2.6-fold at 4, 24, and 48 hpi, respectively, 

compared to 1 hpi (Figure 30B). Thus, 3D airway cells were productively infected 

with SARS-CoV-2 clinical isolate and the virions were shed at approximately ten-

fold higher levels from the apical surface than the basal region. The expression of 

ACE2 mRNA was more than 3-fold suppressed in infected at all time-points 

analyzed (Figure 31B), and TMPRSS2 mRNA levels showed no change at 1, 4, 

and 24 hpi but was significantly reduced at 48 hpi (Figure 31C).  Thus, SARS-

CoV-2 infection modulates ACE2 and TMRPSS2 expression, as reported earlier. 

(246, 247) Expression of IL-6 mRNA was 8.0-fold induced at 1 hpi with no change 

at 4, 24, and 48 hpi, although there was a trend towards induced expression 
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(Figure 30C). ICAM-1 mRNA expression was 2.0-, 5.4-, and 2.4-fold higher at 1, 

4, and 24 hpi, respectively, with no change at 48 hpi (Figure 30D). Expression of 

neither NRP1 (data not shown) nor CXCL-8 (Figure 31D) mRNA expression was 

affected following infection. However, the expression of SCGB1A1 was induced by 

4-5-fold at 1, 4, and 24 hpi (Figure 31E).  

 

Figure 30. SARS-CoV-2 infection of human respiratory epithelial cells induces 
robust mucoinflammatory response in a 3D airway tissue model. Respiratory 
airway epithelial cells differentiated on air-liquid interface were infected with 1 MOI 
of SARS-CoV-2 clinical isolate (USA-WA1/2020 isolate) and analyzed at 0, 1, 4, 
24, and 48 h post-infection (hpi). Viral loads were determined in (A.) the apical 
washes and (B.) the total cellular RNA. Relative expression levels of the 
inflammatory factors, (C.) IL-6, and (D.) ICAM-1 mRNA; and (E.) airway mucin 
MUC5AC; and (F.) SPDEF transcriptional factor in the total cellular RNA was 
analyzed by qRT-PCR. (n=4/gp; *p<0.05; **p<0.01; ***p<0.001 by ANOVA). (G.) 
Representative micrographs of uninfected control (CTRL) and SARS-CoV-2 
infected (CoV-2+) cells showing MUC5AC (shown in green) immunoreactivity 
along with the DAPI stained nuclei (shown in blue), scale - 5µ. (H.) Percentage of 
MUC5AC+ cells within each treatment group. Secreted protein levels of (I.) 
MUC5AC mucin in apical washes, and (J.) IL-6 and (K.) ICAM-1 in culture media 
supernatants as determined by specific ELISA assays (n=4/gp; *p<0.05; **p<0.01; 
by Student’s t-test). Dr. D. Devadoss was the major contributor for this data. 
Original source (1). 
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Interestingly, SARS-CoV-2 infection robustly upregulated MUC5AC mRNA 

expression by 53-, 46-, 37-, and 51-fold at 1, 4, 24, and 48 hpi, respectively (Figure 

40E). MUC5B mRNA levels were also highly upregulated following infection by  

13-, 11-, 16-, and 33-fold at 1, 4, 24, and 48 hpi, respectively (Figure 31F). 

Similarly, MUC2 mRNA levels were 8-, 9-, 10-, and 13-fold at 1, 4, 24, and 48 hpi, 

respectively (Figure 31G), whereas MUC4 mRNA levels were induced by 5-fold 

at 24 hpi (Figure 31H). In addition, there was a 3-5-fold induction in SPDEF mRNA 

levels (Figure 30F) and more than a 25-fold induction in FOXA3 mRNA levels 

following CoV-2 infection (Figure 31I).  

MUC5AC protein expression was assessed by immunofluorescence and 

quantified by ELISA to corroborate these results. In agreement with qRT-PCR 

analyses, CoV-2-infected (CoV-2+) cells showed robust MUC5AC 

immunopositivity (Figure 30G) with as much as approximately 40% MUC5AC+ 

cells observed at 48 hpi compared to 6.0% in uninfected (CoV-2-) controls (Figure 

30H). In addition, apical wash MUC5AC protein levels were ~10-fold higher in CoV-

2+ cells with approximately 120 ng/ml compared to 18 ng/ml observed in 

uninfected cells (Figure 30I). The secreted IL-6 levels were at 691 pg/ml in 

uninfected cells compared to 1400 pg/ml in the CoV-2+ cells at 48 hpi (Figure 30J), 

and ICAM-1 protein levels showed a trend towards increased expression from 823 

pg/ml in uninfected cells to 1600 pg/ml in CoV-2+ cells (Figure 30K). 
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Figure 31. SARS-CoV-2 infection of human respiratory epithelial cells induces 
robust mucoinflammatory response. Fully differentiated RTECs were infected with 
1 MOI of SARS-CoV-2 clinical isolate (USA-WA1/2020 isolate) and analyzed at 0, 
1, 4, 24, and 48 h post-infection (hpi). (A.) Viral loads determined in the basal 
culture media by qRT-PCR. Relative expression levels of viral entry facilitating host 
factors, (B.) ACE2 and (C.) TMPRSS2 mRNA; the inflammatory factors (D.) CXCL-
8 and (E.) SCGB1A1 mRNA; (F.) the mucin regulatory transcriptional factor 
FOXA3; airway mucins (G.) MUC5B, (H.) MUC2, and (I.) MUC4 mRNA levels as 
analyzed by qRT-PCR of the total cellular RNA. (n=4/gp from 2 independent 
experiments; *p<0.05; **p<0.01; ***p<0.001 by ANOVA). Dr. D. Devadoss was the 
major contributor for this data. Original source (1). 

V. SARS-CoV-2 infection induces LASI lncRNA expression that could 

potentially interact with CoV-2 Spike viral RNA 

In agreement with the increased LASI lncRNA observed in COVID-19 

individuals, there was induced expression of LASI lncRNA at 0, 1, 4, 24, and 48 

hpi in our 3D model of CoV-2 infection (Figure 32A). Dual-RNA FISH analyses 

showed CoV-2 N1 vRNA and LASI transcripts co-expression around the 

nuclear/perinuclear region (Figure 32B) with nearly 2-fold more lncRNAs in CoV-
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2+ cells as assessed by H-score analysis (Figure 32C-32D). We also analyzed 

the expression of other lncRNAs and in contrast to recent reports (222, 241, 242), 

the expression of lncRNA NEAT1 (Figure 33A) and MALAT1 (Figure 33B) were 

significantly reduced in CoV-2-infected cells at 0,1, and 48 hpi. While WAKMAR2 

lncRNA levels were induced by more than 7-fold at 48 hpi (Figure 33C).  

 

Figure 32. SARS-CoV-2 infection induces LASI lncRNA expression in human 
respiratory epithelial cells that potentially show direct interaction with CoV-2 spike 
RNA. (A.) Relative expression levels of LASI lncRNA in SARS-CoV-2 infected cells 
at 0, 1, 4, 24, and 48 hpi. (n=4/gp; *p<0.05; **p<0.01; ***p<0.001 by ANOVA). (B.) 
Colocalization of SARS-CoV-2 vRNA and LASI transcripts in CoV-2 infected (CoV-
2+) cells as determined by dual-FISH staining and the structured-illumination 
imaging analysis. Representative micrographs of dual-FISH-stained cells showing 
SARS-CoV-2 N1 vRNA (in red) and LASI lncRNAs (in green) along with DAPI-
stained nuclei (in blue), scale – 2 µ. H-score quantitation of (C.) CoV-2 vRNA and 
(D.) LASI lncRNAs per cell in CoV-2+ and control cells. (n=9-10 cells/gp; **p<0.01; 
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***p<0.001 by Student’s t-test). (E.) Modeled 3D structure of SARS-CoV-2 spike 
vRNA nucleotide sequence from 1198 to 1268, and the LASI lncRNA interacting 
region (1227-1237) is highlighted blue. (F.) The intra-sequence base-pairing of 
spike nucleotides forms the hairpin stem structure. (G.)  Modeled 3D structure of 
the CoV-2 Spike vRNA duplexed with LASI lncRNA sequence 646-635 (highlighted 
in orange) at the end of 100 ns simulation (see video at online supplemental data). 
(H.) Inter-sequence base-pairing of CoV-2 vRNA with LASI lncRNA sequence 
(shown in orange). Dr. P. Chapagain and Mr. M. Cioffi were the major contributors 
for this data. Original source (1). 

 

Figure 33. SARS-CoV-2 infection differentially affects the respiratory epithelial 
lncRNA expression. Relative expression levels of immunomodulatory lncRNA (A.) 
NEAT1, (B.) MALAT1, and (C.) WAKMAR2 levels in SARS-CoV-2 infected (CoV-
2+) cells compared to uninfected controls (CTRL). (n=4/gp from 2 independent 
experiments; ***p<0.001; ****p<0.0001 by Student’s t-test). Dr. D. Devadoss was 
the major contributor for this data. Original source (1). 

As FISH analyses strongly suggest LASI lncRNA and SARS-CoV-2 vRNA 

may colocalize, the potential for direct interaction was assessed informatically. 

Notably, our sequence analyses identified a single, high-scoring potential base-

pairing between SARS-CoV-2 Spike vRNA (CoV-2 vRNA) and a specific LASI 

lncRNA sequence. The segment of the modeled CoV-2 vRNA (sequence 1198-

1268 nts) after minimization and equilibration is shown in Figure 32E. This region 

forms a hairpin where 1227-1237 nts are intra-sequence base-paired with 1244-

1254 nts (Figure 32F). 3D modeling predicts a structure where this CoV-2 vRNA 

region can duplex with LASI lncRNA bases 635-646 nts with a stable base-paired 
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model obtained upon relaxing the structure for 100 ns of MD simulation (Figure 

32G). This structure shows a partially unfolded CoV-2 vRNA sequence with 

excellent base-pairing with the LASI lncRNA sequence (Figure 32H). Compared 

to the intra-sequence base-pairing in CoV-2 vRNA (Figure 32), the inter-sequence 

base-pairing with LASI lncRNA is energetically more favorable (-9.6 kcal/mol vs.  

-15.0 kcal/mol) at the local interacting region. Moreover, this LASI lncRNA 

interacting region is conserved among CoV-2 variants of concern (VOCs) such as 

delta and omicron (Figure 34). Taken together, our experimental and molecular 

docking simulation studies suggest that LASI lncRNA may serve as the molecular 

scaffold for CoV-2 vRNA to assist in viral infection and replication.  

 

Figure 34. Putative LASI-interacting region is conserved in Spike viral RNAs of 
SARS-CoV-2 Delta and Omicron VOCs. Sequence alignment of spike protein 
encoding RNA sequences of SARS-CoV-2 alpha variant (NC_045512.2) with Delta 
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(A.) and with Omicron (B.) sequences obtained from the OM108132.1 and 
OM095411.1 database. The LASI-interacting region is shown in red inset. Dr. D. 
Devadoss was the major contributor for this data. Original source (1). 

VI. Blocking LASI lncRNA expression attenuates CoV-2 altered antiviral 

interferon response effects and suppresses infection-dependent 

MUC5AC induction 

To determine the role of LASI lncRNA in CoV-2 infection and associated 

mucoinflammatory response, we depleted LASI levels using RNA interference 

(siRNA) technology. Briefly, 3D cultured cells transfected with either LASI-

targeting siRNA (siLASI) or a control siRNA (siCTRL) were infected with 1 MOI of 

SARS-CoV-2 clinical isolate and then analyzed at 48 hpi.  

 

Figure 35. Blocking LASI lncRNA expression reduces the SARS-CoV-2 viral load 
and suppresses the MUC5AC mucin expression. Relative expression of (A.) LASI 
lncRNA and (B.) SARS-CoV-2 vRNA in cells transfected with siRNA targeting LASI 
(siLASI) compared to control siRNA (siCTRL) transfected cells and infected with 1 
MOI of SARS-CoV-2. Relative expression of (C.) IRF3, (D.) DDX58, and (E.) 
MUC5AC mRNA following SARS-CoV-2 infection in siLASI-transfected cells 
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compared to siCTRL cells. (n=4/gp from 2 independent experiments; *p<0.05; 
**p<0.01; by Student’s t-test). (F.) The micrographs of SARS-CoV-2 infected cells 
following siCTRL and siLASI transfection show MUC5AC (green) immunoreactivity 
and DAPI-stained nuclei (blue), scale - 5µ. (G.) Percentage of MUC5AC+ cells 
within each treatment group (n=10/gp; **p<0.001 by Student’s t-test). 
(H.) MUC5AC mucin protein levels in the apical wash of CoV-2 infected cells and 
transfected with siLASI or siCTRL as determined by ELISA assay. (n=4/gp from 2 
independent experiments; *p<0.05 by Student’s t-test). Dr. D. Devadoss was the 
major contributor for this data. Original source (1). 

Compared to siCTRL-transfected cells, siLASI-transfected cells exhibited a 

7-fold reduction in LASI lncRNA expression (Figure 35A). Surprisingly, we also 

observed a marked >27-fold reduction in CoV-2 vRNA load in siLASI-transfected 

cells (Figure 35B). Furthermore, while ICAM-1 (Figure 36A), IL-6 (Figure 36B), 

IFIH1 (Figure 36C), and IFNB1 (Figure 36D) mRNA expressions were unaffected, 

mRNA levels of the antiviral interferon response gene, IRF3, were significantly 

reduced in siLASI-transfected cells (Figure 35C). In contrast, levels of DDX58 

mRNA were conversely induced compared to the siCTRL-transfected cells (Figure 

35D). Among mucin genes, MUC5AC mRNA levels in siLASI-transfected cells 

showed a trend toward lower expression (Figure 35E) with no change in MUC5B 

mRNA levels (Figure 36E); however, MUC2 (Figure 36F) and MUC4 (Figure 

36G) mRNAs were reduced following CoV-2 infection in siLASI-transfected cells 

compared to siCTRL-transfected cells. Notably, expressions of the SPDEF (Figure 

36H) and the lncRNA MALAT1 (Figure 36I) and WAKMAR2 (Figure 36J) were 

not altered by siLASI treatment during CoV-2 infection. To further explore potential 

effects on mucin genes, we next immunoprobed for MUC5AC protein expression 

in siCTRL and siLASI transfected cells infected with CoV-2 at 48 hpi (Figure 35F). 

We found siLASI treatment resulted in a >2-fold reduction of MUC5AC+ cells, 
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where siCTRL-transfected cells had around 17.7% cells showing MUC5AC 

immunopositivity compared to 7.4% among siLASI-transfected cells (Figure 35G). 

 

Figure 36. Blocking LASI lncRNA expression suppresses SARS-CoV-2 infection 
induced MUC2 and MUC4 mucin expression. Relative expression levels of 
inflammatory factors (A.) ICAM-1, (B.) IL-6; interferon responsive genes 
(C.) IFNB1, (D.) IFIH1; airway mucin (E.) MUC5B, (F.) MUC2, and (G.) MUC4; and 
(H.) SPDEF transcription factor mRNAs; and (I.) MALAT1, and (J.) WAKMAR2 
lncRNAs following SARS-CoV-2 infection in siLASI-transfected cells compared to 
siCTRL cells. Protein levels of (K.) ICAM-1 and (L.) IL-6 in the basal culture media 
supernatant of siLASI or siCTRL transfected cells infected with CoV-2 as 
determined using specific ELISA assays. (n=4/gp from 2 independent 
experiments; *p<0.05 by Student’s t-test). Dr. D. Devadoss was the major 
contributor for this data. Original source (1). 
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In agreement, MUC5AC-specific ELISA of apical washes from siCTRL-

transfected cells averaged 121 ng/ml of MUC5AC content whereas siLASI-

transfected cells averaged 47.5 ng/ml (Figure 35H), a more than 2-fold reduction. 

In contrast, we found ICAM-1 (Figure 36K) and IL-6 (Figure 36L) levels were not 

significantly changed in basal media supernatant following CoV-2 infection of 

siLASI-transfected cells as compared with siCTRL-transfected cells. Taken 

together, these data strongly suggest that LASI lncRNA represents an essential 

regulatory mediator in CoV-2 infection and the ensuing mucoinflammatory 

response of the respiratory airway epithelium. 

VII. LASI lncRNA differentially modulates the host miRNAs associated 

with SARS-CoV-2 infection 

LncRNAs also act as the molecular scaffold or sponge for miRNAs. Thus, 

they could indirectly modulate host cellular immune responses, for example, by 

miRNA mediated target mRNA-decay or by competing for the same miRNA 

binding region, like ceRNA. (248-251) In addition, host miRNAs can also directly 

bind to viral RNAs and/or modify the associated cell signaling mechanisms. So, to 

identify the miRNAs that LASI lncRNA may regulate, we performed a small RNA-

sequencing of our 3D ALI model and analyzed for the miRNAs in SARS-CoV-2 

infected cells that are siLASI-transfected compared to control cells. From the total 

of 721 miRNAs sequenced, there were 155 miRNAs that showed significant 

change. Further data mining revealed a total of 38 miRNAs differentially expressed 

in SARS-CoV-2 infection, of which seven miRNAs (miR-4488, let-7b-5p, miR-

1301-3p, miR-181b-5p, miR-2110, miR-320b, and miR-744-5p) were expressed 
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over 2 log-fold higher while twenty-one miRNAs showed lower expression than 

uninfected cells including miR-23a-3p, miR-30d-5p, miR-200a-5p, miR-200b-3p, 

miR-1246. Interestingly, knocking down the LASI lncRNA reverted the expression 

levels of several of these miRNAs; for example, some of the miRNAs induced by 

CoV-2 infection were suppressed by silencing LASI lncRNA (Figure 37A) of which 

miR-4488, let-7b-5p, miR-584-5p, miR125-1-3p, and miR-181b-5p showed very 

high expression in siLASI-transfected and CoV-2 infected cells. 

 

Figure 37. Airway epithelial miRNAs are modulated by SARS-CoV-2 infection and 
regulated by LASI lncRNA. Relative expression levels of miRNAs in siLASI-treated 
cells following 48 h SARS-CoV-2 infection compared to control infected cells as 
analyzed by small RNA-seq analysis. (A.) List of miRNAs upregulated by CoV-2 
infection and suppressed in siLASI-treated cells (*miR-4488 was upregulated 
>200-fold in infected control cells). (B.) Expression levels of miRNAs that are 
downregulated by CoV-2 infection but induced in siLASI-treated cells. Relative 
quantitation of miRNAs: (C.) miR-4488, (D.) let-7b-5p, and (E.) miR-150-5p that 
were upregulated by SARS-CoV-2 infection in siCTRL cells but suppressed in 
siLASI-transfected cells. Relative expression of miRNAs: (F.) miR-6510-3p, (G.) 
miR-200a-5p, and (H.) miR-197-3p that were downregulated by SARS-CoV-2 
infection in siCTRL cells but induced in siLASI-transfected cells. (*p<0.05; 
**p<0.001 by Student’s t-test). Dr. D. Devadoss was the major contributor for this 
data. Original source (1). 
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At the same time there were miRNAs suppressed by CoV-2 infection that 

were highly induced in siLASI-transfected cells e.g., miR-151a-3p, miR-6510-3p, 

miR-200a-5p, miR-197-3p, and miR-4644-3p (Figure 37B). The changes in the 

expression levels of select miRNAs were confirmed by qPCR analysis of siCTRL 

and siLASI cells where levels of miR-4488 (Figure 37C), let-7b-5p (Figure 37D), 

miR-150-5p (Figure 37E), miR-6510-3p (Figure 37F), miR-200a-5p (Figure 37G), 

and miR-197-3p (Figure 37H) were confirmed to be reverted in siLASI-transfected 

cells compared to siCTRL-transfected cells. We also confirmed the expression 

levels of these lncRNA LASI-regulated miRNAs in nasal swab samples of our 

cohort and of these miRNAs (data not shown). Expression levels of let-7b-5p, miR-

150-5p and miR-200a-5p showed a viral-load dependent increased expression. 

Taken together, these data suggest that let-7B-5p, miR-150-5p and miR-200a-5p 

may be important mediators of lncRNA LASI-mediated modulation of SARS-CoV-

2-induced airway epithelial mucoinflammatory responses. 

Chapter 4: Discussion 

The pathogen-specific inflammatory response and subsequent successful 

resolution of inflammation and associated tissue remodeling in the upper 

respiratory tract determine the outcome of airborne infections. The SARS-CoV-2 

infection continues to be a major healthcare problem. Many studies suggest that 

dysregulated inflammation and impaired ability to resolve inflammation and 

adjoining tissue remodeling are primary causes of increased morbidity and 

mortality in COVID-19. Airway mucoinflammatory response, being the primary host 

defense system, is severely altered by SARS-CoV-2 infection. Not much is known 
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about the immediate-early innate responses to SARS-CoV-2 infection. Thus, in 

this study, we focused on the effects of SARS-CoV-2 infection on airway mucus 

and inflammatory responses. We analyzed available RNA-seq data from COVID-

19 patient nasal swab samples. We found that expressions of immunomodulatory 

lncRNAs, particularly LASI lncRNA, expressions were altered in infected patients 

with elevated expression of mucoinflammatory factors. In our independent cohort 

of COVID-19 patients, the nasal SARS-CoV-2 viral load directly correlated with 

mucoinflammatory responses where COVID-19 patients with high Hi-VL patients 

showed elevated expression of mucins and inflammatory factors compared to Lo-

VL patients.  

To understand the immediate-early response of AECs to SARS-CoV-2 

infection, we examined a 3D human airway tissue model infected with a high MOI 

of SARS-CoV-2 isolate USA-WI1/2020 (B.1.1.7). We observed elevated secretory 

mucins and inflammatory factors expression as early as one-hour post-infection. 

Among the airway lncRNAs, we found LASI lncRNA expression strongly correlated 

with increased mucoinflammatory responses of the 3D airway tissue model.  

Importantly, the roles of lncRNAs in the innate airway response to viral 

infection remain poorly understood. LncRNAs can interact with RNA, 

DNA/chromatin, and proteins, and form RNA-RNA, RNA-DNA (RNA-chromatin), 

and RNA-protein complexes, leading to gene expression regulation via multiple 

mechanisms, including modulation of transcription, mRNA stability, and 

translation. (166, 203) While little is known about specific lncRNA contributions to 

COVID-19 pathophysiology, several lncRNAs have now been suggested to 
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potentially interact with SARS-CoV-2. Using the experimentally determined 

secondary structure of HOTAIR lncRNA (252), a study recently predicted its 

interacting regions with Spike RNA. (220) 

In contrast, our data suggest that LASI lncRNA may be a positive modulator 

of CoV-2 infection. Our computational analyses identified a putative interaction 

between LASI lncRNA and SARS-CoV-2 Spike RNA, suggesting that LASI may 

act as a molecular scaffold or sponge for viral RNA, potentially providing protection 

from degradation and/or other host factors. Regardless, we find inhibiting LASI 

lncRNA attenuates the SARS-CoV-2 viral load. Thus, targeting LASI may not only 

suppress the mucoinflammatory pathways but could also decrease the number of 

molecular scaffolds responsible for harboring the viral RNA and other components. 

Functional RNA-based therapeutics are currently being actively pursued as 

potential treatment strategies due to minimal off-target effects to a high-efficiency 

presentation (253), and lncRNA-targeted interventions can possibly mimic the 

mechanisms of many host immune response modulating RNAs. (208) 

Acute inflammatory response to SARS-CoV-2 infection alters innate 

epithelial and vascular remodeling factors (254, 255) with distinct inflammatory 

signatures reported among COVID-19 patients with low versus higher viral load. 

(256) Notably, the localized expression and secretion of ICAM-1 and IL-6 by 

respiratory epithelial cells may regulate airway responses and mucosal tissue 

remodeling. (257) In previous immunohistological analyses, IL-6 and ICAM-1 

expression were reportedly higher in the alveolar epithelium of COVID-19 patients 

compared to H1N1 influenza virus-infected patients or uninfected control subjects. 
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(258) We likewise find that ICAM-1 and IL-6 expressions are significantly higher in 

COVID-19 patients compared to controls, and patients with Hi-VL show increased 

expression of these inflammatory factors in our cohort.  

Also of note, lncRNAs-mediated regulation of immune responses is 

potentially central to establishing airway mucosal immunity (167, 259, 260) and 

could be dysregulated in COVID-19 patients. Numerous lncRNAs have been 

experimentally characterized and were shown to affect the immune responses of 

AEC, exert epigenetic changes, and induce the premature aging of the lung 

epithelium. (167) However, among the lncRNAs analyzed, we found only LASI 

lncRNA expression to be consistently elevated in COVID-19 patients although 

there were significant downregulations of NEAT1 and MALAT1 lncRNAs (221); as 

recently confirmed in a separate computational analysis. (222) Further, we find that 

an acute effect of SARS-CoV-2 infection on airway mucin expression linked to 

LASI lncRNA expression could potentially hinder the effective mucociliary 

clearance of inhaled viral particles. We found that the expression of membrane-

bound mucins was significantly upregulated during CoV-2 infection, and that 

depleting LASI lncRNA could suppress the CoV-2-induced expression of these 

mucin genes. Airway mucins trap inhaled viral particles in the lumens and direct 

them towards the oropharynx via mucociliary clearance mechanisms; therefore, 

any dysregulation of these processes leads to mucoinflammatory comorbidities 

and respiratory viral diseases. (26, 261) Excess mucus expression can lead to 

airway mucous obstruction due to mucin hyperexpression, hypersecretion, and 

goblet cell hyperplasia; and as reported here, SARS-CoV-2 alters these 
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mucoinflammatory responses in agreement with other seminal studies. (240, 262-

264) If not treated, these conditions can cause a decline in lung function and 

significantly higher morbidity and mortality. That said, our findings strongly suggest 

that LASI lncRNA constitutes an important master mucin regulator.  

In addition, blocking LASI lncRNA expression in the 3D airway model led to 

a suppressed expression of MUC5AC protein levels following CoV-2 infection, 

implicating a direct role of LASI in viral-induced mucoinflammatory response. 

However, unlike observed in the case of allergic reactions (2), there was no change 

in any of the mucin regulating transcription factor expression among CoV-2 

infected cells, suggesting that LASI lncRNA may be engaging other regulatory 

pathways to induce airway mucin expression such as increasing the mucin mRNA 

stability and/or half-life to induce MUC5AC expression.  

There are various other small ncRNAs called miRNAs that interact with 

lncRNAs and modulate the gene expression and functions. (166, 203) We have 

also identified several putative miRNA candidates that could assist LASI lncRNA 

in modulating the mucoinflammatory response genes that contribute to airway 

inflammation and mucin expression. Our targeted small RNA-seq data implicated 

many host miRNAs that could possibly mediate the LASI lncRNA-based 

modulation of SARS-CoV-2 infection and associated inflammation. For example, 

following CoV-2 infection a set of miRNAs including miR-4488, miR-584-5p, 

miR125-1-3p, miR-181b-5p and let-7b-5p were highly upregulated but blocking the 

LASI lncRNA resulted in their downregulation compared to controls. These 

miRNAs might be facilitating the CoV-2 infection in a LASI-dependent manner, 
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where LASI lncRNA may be acting as a molecular sponge or scaffold for these 

‘inflammatory’ miRNAs. There is very limited information about the role of these 

miRNAs. A computational prediction analysis performed by Pierce et al., identified 

that miR-181-5p binds to the mRNAs of both TMPRSS2 and IFN-γ in human lung 

tissue. (265) Another RNA-seq data analysis from SARS-CoV-2 infected lung 

tissues identified that miRNA let-7b-5p might be involved in COVID-19-associated 

lung pathologies. (266, 267) 

In contrast, specific miRNAs suppressed by CoV-2 infection were highly 

induced in siLASI-transfected cells, such as, miR-151a-3p, miR-6510-3p, miR-

200a-5p, miR-25-3p, miR-3158-3p, miR-3158-5p, and miR-4644-3p. These 

miRNAs play an important role in regulating innate cellular responses and 

signaling pathways. (268, 269) This suggests that these miRNAs are an important 

component of the host immune response and are thus suppressed by CoV-2 

infection in a mechanism dependent on LASI lncRNA levels. Based on the recent 

report on the interaction of miR-150-5p with CoV-2 nsp10 gene (270), we also 

found that CoV-2 infection modulates miR-150-5p expression in a LASI-dependent 

manner. It is noteworthy that nasal airway miR-150-5p expression was positively 

correlated with CoV-2 viral load in our cohort in contrast to the lower miR-150-5p 

levels reported in COVID-19 plasma samples. (270) Further investigations are 

needed to determine the role of miR-150-5p in systemic versus pulmonary 

inflammation by examining the levels of cellular and plasma miR-150-5p collected 

from same subjects. Thus, there is a large number of miRNAs that are directly 

impacted by LASI lncRNA and could be involved in CoV-2 infection and airway 
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inflammatory response. We also found that there are a number of miRNAs whose 

expression was not significantly impacted by LASI lncRNA levels, such as miR-

1301-3p, which is known to interact with CoV-2 genes/RNAs (267, 271) and miR-

320b, which interacts with viral NSP8 gene and is associated with transcription and 

replication of viral RNAs. (265) 

There are several other limitations of this study. The lack of availability of a 

larger number of patient nasal swab samples from COVID-19 subjects may 

underscore the broader implications of the reported findings. The amount and 

quality of samples could have also been the contributing factor to the undiscernible 

and/or undetected levels of the genes analyzed that are expressed in low copy 

numbers such as genes regulating the antiviral and interferon response pathways. 

Further, our in-vitro studies primarily focused on the acute infection model, and we 

used high MOI of the original SARS-CoV-2 clinical isolate (B.1.1.7), and only the 

early time points were analyzed to understand the immediate-early changes in host 

innate response factors. The miRNAs identified to be responsible for LASI 

lncRNAs role in CoV-2 infection and associated inflammation need to be further 

validated by using state-of-the-art molecular techniques.  

Due to the combined colossal efforts of the continuous global surveillance 

and the large-scale vaccination drives, COVID-19 has been mitigated to a 

manageable endemic threat. Nonetheless, with a more significant proportion of the 

population still infected, the undetected and asymptomatic SARS-CoV-2 infections 

and invading vaccine/natural antibodies in vaccinated or infected individuals are 

resulting in the emergence of variants of concerns or VOCs (272, 273) and thus, 
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continuous efforts are needed to better understand the host-pathogen interaction 

for these VOCs and to better prepare for any possible future viral outbreaks. The 

work presented here strongly suggests that lncRNAs constitute a significant 

component of our innate immunity potentially directly interacting with viral RNA and 

describing these interactions may significantly improve our understanding of host-

factors involved in viral response. Specifically, we report that LASI lncRNA in 

airway epithelial cells is not only a putative scaffold for SARS-CoV-2 RNA but also 

modulates respiratory mucoinflammatory responses. Thus, modulating specific 

functional lncRNA expression may aptly equip the host with innate immunity to 

combat the COVID-19 infection and associated mucoinflammatory comorbidities.  

Table 4. List of major contributors. 
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Conclusions and Future Directions 

In this report, the immunomodulatory lncRNA LASI has been identified in 

patients with or without disease. We have identified its role in mediating the CS-

induced responses and COPD progression and found that it plays an important 

role in mediating viral infection. Of primary interest are the mechanisms by which 

lncRNA LASI is able to induce these changes. Firstly, analysis of LASI binding 

partners, and experimental confirmation of binding such as RNA pulldown, 

chromatin isolation by RNA purification (ChIRP), RNA antisense purification (RNA-

RAP), luciferase reporter construct assays and other methodologies can be used 

to determine individual binding partners and elucidate the specific mechanisms of 

action and pathways that lncRNA LASI may be utilizing. We have identified miR-

150-5p as a likely candidate for lncRNA-miRNA binding, however our RNA-

sequencing data elucidates numerous additional miRNAs that are regulated by 

modulating the levels of lncRNA LASI. Whether there is direct interaction between 

LASI and miRNAs of interest needs to be further investigated. We were interested 

in the lncRNA-miRNA interactions however, it is likely that lncRNA LASI 

additionally binds to proteins, DNA, or chromatin. Interestingly, the role of miR-

150-5p has not been investigated in COPD models. Both in vitro and in vivo 

investigation is necessary and could present miR-150-5p as a further notable and 

important regulatory element. Additionally, the effects of dual genetic editing of 

LASI lncRNA and miR-150-5p need to be investigated. Notably, the half-life of 

lncRNA LASI needs to be investigated as it may elucidate its importance. 

Furthermore, we have focused our studies downstream of LASI transcription, 
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however investigation of its upstream regulators needs investigation. The 

mechanism behind the induction of LASI by CS- or viral-mediated pathways needs 

to be investigated. It is likely that there is more than one pathway that initiates LASI 

transcription as it is upregulated by both viral infection as well as CS exposure. 

LncRNAs have only recently started to be investigated. There are many lncRNAs 

that need further investigation. Our preliminary results suggest that there are 

several lncRNA molecules that further warrant investigation and work in 

conjunction with LASI lncRNA. Lastly, the effect of CS exposure on the SARS-

CoV-2 infection and associated inflammation has not been investigated and could 

offer exceptional insight into both the pathways inducing LASI lncRNA expression 

as well as potential therapeutic avenues. The direct binding proposed between 

LASI lncRNA and SARS-CoV-2 Spike protein warrants further investigation and 

experimental confirmation. Additionally, we have focused our studies on airway 

epithelium, however understanding the role of lncRNA LASI as well as miR-150-

5p in other cell types and tissues may offer insight into other pathways and disease 

states. Further understanding regulatory lncRNAs such as LASI may offer 

exceptional opportunities to regulate the cellular responses across multiple 

pathways, and in the case of COPD, moderate the cellular responses in contrast 

to significantly knocking down individual elements involved, and avoiding 

unacceptable side effects. It further offers insight into novel regulatory pathways, 

and with the increased understanding and novel delivery methods available, 

targeting noncoding elements in therapeutic advances may offer treatment 



 134 

opportunities for COPD, as well as many other diseases and debilitating 

conditions. 
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Appendix 1: Preclinical model efficacy testing of air purification filters in 

mitigating the airway responses to inhaled allergens 

Appendix 1: Introduction 

I. Animal model of allergic asthma  

The efficacy of air filters was tested in an animal model of allergic asthma 

to pet dander allergens. A mouse model of allergic asthma was developed using 

cat dander (CDE) as an allergen. Adult mice were randomly assigned into four 

groups with 10 mice per group and were housed in separate custom-built state-of-

the-art whole-body exposure chambers. Group 1 mice were used as negative 

controls (NC) which were kept in room air for the duration of experiment. Group 2 

mice were exposed to aerosolized CDE with sham air-filters and served as a 

positive control (PC). Group 3 mice were exposed to CDE with the Test air-filter 

placed in the exposure chambers (TF group), whereas group 4 mice were also 

exposed to CDE along with a Control air filter (CF group). Inhalation exposures of 

aerosolized CDE allergen were conducted in separate exposure chambers for 

each condition. The goal was to obtain 60µg CDE protein per 2L of chamber air 

sample to achieve a pulmonary deposited dose equivalent to 20µg CDE per mouse 

per day. These deposited doses were achieved through modulation of the 

exposure duration and nebulizer suspension concentrations as standardized by 

Molekule Inc and there were comparable levels of CDE aerosol generated in each 

of the chambers throughout the six-weeks of study. Most importantly, the air 

sample analysis collected pre- and post- air-filtration shows that both Test filter and 
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Control filter were able to completely reduce the CDE allergen levels compared to 

the positive control chamber with sham air-filter.  

Among the biological end-points, animals in the study weighed between 26 

to 32 g. Animals in NC group gained around 8% of body weight during the study 

whereas the mice exposed to CDE aerosol failed to gain any weight with no 

significant difference of air-filtration use. Based on the lung function analysis, there 

was a significant increase in airway resistance in the allergen-exposed PC group 

with no air-filtration. Interestingly, use of air-filtration units both TF and CF rescued 

the mice lung function parameters that were indiscernible from the NC group. 

These data suggested that both TF and CF have functionally suppressed the CDE 

allergen levels. Next, the changes in CDE-induced airway cell infiltration were 

analyzed by collecting bronchoalveolar lavage (BAL) by specifically analyzing for 

eosinophil (Eos) recruitment. There was a significantly lower yield of total BAL cells 

with lower number of Eos observed in TF group than the CF group. There was a 

significant increase in blood plasma immunoglobulin E (IgE) and IL-13 cytokine 

levels in PC group that were attenuated in the TF and CF group. The BAL IgE 

levels were better attenuated in the TF group than the CF group in comparison 

with the PC group. There was no major difference in gross lung tissue 

histopathology in any of the groups in terms of cellularity around airways, blood 

vessels, or in parenchyma. However, the epithelium of conducting airways 

(bronchi) showed increased mucous metaplasia in PC mice and the TF and CF 

group showed attenuation of the mucous metaplasia as analyzed by histochemical 
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and immunological analyses. There was distinctive peribronchial eosinophilia in 

PC mice compared to NC mice and the TF significantly attenuated this increased 

eosinophil recruitment whereas CF group mice failed to show any change from the 

PC group. This pilot study thus suggests that chronic exposure to CDE aerosols 

induce airway hyperreactivity in a mouse model and the 'Test filter' is effective in 

controlling the CDE allergen levels and associated lung allergic responses than 

the 'control filter'. 

Appendix 1: Methods 

I. Animal quarantine, randomization, and study groups 

Pathogen-free wild-type C57BL/6J mice were purchased from The Jackson 

Laboratory and were housed in cages with five mice per cage under specific 

pathogen-free conditions. All experiments were approved by the Institutional 

Animal Care and Use Committee and were conducted at FIU, a facility approved 

by the Association for the Assessment and Accreditation for Laboratory Animal 

Care International. Briefly, fifty C57BL/6 male mice of eighteen weeks age were 

purchased from Jackson Labs and upon arrival at animal care facility were 

quarantined for 10 days. Mice were then acclimatized to the exposure chambers 

for five days before the study. Mice were then individually weighed, randomized, 

and ear-tagged with numbers for identification. Mice were divided into four groups 

as shown in Table 4. Each group had two cages with five mice per cage. Briefly, 

Group 1 mice were placed in a chamber with the ‘sham air-filter’ (with no active 

filtration unit), to control for the noise, heat generated, and vibration levels and 
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were exposed to room air only. This group was referred to as Negative control 

(NC) group. Other three groups were exposed to aerosolized cat dander extract or 

CDE (Greer labs) on every other day for 6 weeks. Group 2 mice had a sham air-

filter in their chamber and was referred to as positive control (PC) group. Group 3 

mice had the 'Test air-filter' in their chamber and was referred to as Test Filter (TF) 

group. Group 4 mice had the 'Control air-filter' in their chamber and was referred 

to as Control Filter (CF) group. 

Table 5. Summary of study groups with exposure conditions and the type of air-
filters used.  

 

II. Exposure chambers setup 

A rodent whole body inhalation exposure chambers were configured and 

custom-built for each group to avoid cross-contamination and to efficiently manage 

the exposure schedule. Animals were exposed to aerosolized CDE generated 

following the standardized protocol. The study plan was to expose each group of 

mice in their own designated chambers with CDE aerosol allergen exposure 

housed in the same room (Figure 38). The NC group mice were exposed to room 

air with sham air filter in a separate room to avoid any cross contamination. All the 
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animals were housed together in a same facility throughout the study and the room 

temperature and humidity of all the chambers were monitored during the 

exposures. 

 

Figure 38. Whole-body aerosol exposure chambers used in the study were 
housed in the FIU animal care facility. 

III. CDE aerosolization and animal exposures 

Mice in group 2, 3, & 4 were exposed to CDE aerosols for 1 hour per day, 

3 days per week, for 6 weeks as outlined in Figure 2 in their designated chambers. 

Exposure concentrations of CDE protease Fel D1 was targeted at 20 µg/ms 

deposition i.e., 60 µg/2 L of chamber air sample.  The aerosol samples were 

collected immediately after the aerosolization, and chamber airs were filtered using 
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the respective filters for one hour. Another chamber air sample chamber was 

collected after the air filtration.  

IV. Body weights and daily observations  

Each mouse on study was observed twice daily by animal care personnel 

for any clinical signs of abnormality, morbidity, or death.  The observations were 

also conducted by the study personnel before and after exposures during chamber 

servicing and all observations were recorded. All mice will be weighed prior to 

randomization (not more than one week before their exposures are scheduled to 

begin), at least weekly, then at the time of necropsy. Clinical observations and 

weight data collected during each weighing session were reviewed by the Study 

Director and any errors or irregularities were brought to the attention of the 

Principal Investigator. Any moribund or dead animals found during the study were 

necropsied as soon as possible after being found (e.g., to determine the probable 

cause of death). At the end of the study, the lung function parameters were 

determined for five mice in each group. The remaining mice in each group were 

euthanized and blood plasma, bronchoalveolar lavage (BAL), and lung tissue 

samples were collected for further analysis.  
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Figure 39. Schematic representation of the study schedule for animal model of 
allergic asthma. 

V. Lung function analysis 

Mice assigned for pulmonary function tests were anesthetized with 

ketamine/xylazine (80-100/5-10 mg/kg of K/X cocktail) via a single IP injection 

unless it was determined that the initial dose was insufficient, in which case more 

cocktail was given, and the pulmonary functions were tested by forced oscillation 

techniques (Buxco R/C system, DSI Int.).  Lung functions were assessed following 

aerosolized methacholine (MCh) challenges to assess airway 

hyperresponsiveness (airway resistance and compliance).  Anesthetized mice 

were intubated via a small superficial incision made in the ventral neck region 

above the trachea.  After the lobes of the salivary gland were separated, a small 

incision was made in the trachea, and the trachea cannulated with a blunt-end 19-

gauge needle hub.  The cannula was secured by suture thread. Ventilation was 

performed through the cannula by positive pressure maneuvers on the R/C 

apparatus.  Respiration rates were monitored and changes in rate indicated the 

need for supplementing the anesthesia (K/X cocktail i.p.). The supplemental doses 

of Ketamine were given at a dose of 100 mg/kg and the animal's respiration rate 

were monitored for a few minutes to determine if additional doses are needed. For 
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each mouse, baseline measurements of resistance and compliance were 

performed that consists of a slow stepwise or continuous (ramp) inflation to total 

lung capacity and deflation back to forced respiratory capacity, controlling for 

pressure. Immediately following, increasing doses of methacholine (0, 1, 3, 6, 12, 

25, and 50 mg/ml) were delivered via aerosol and resistance and compliance were 

measured. Airway resistance and dynamic compliance for each Mch dose was 

calculated and the average ± SEM was plotted for all treatment group. Immediately 

following lung function determination, bronchoalveolar lavage was performed and 

blood plasma and lung tissues were harvested and stored for further analyses. 

VI. Animal necropsy and tissue collection 

For scheduled necropsies, mice were humanely euthanized using Euthasol 

solution (390 mg sodium pentobarbital/50 mg phenytoin sodium, Verbac AH Inc.) 

by intraperitoneal (IP) injection (200µg/g b. wt.). Euthanasia was confirmed by 

exsanguination followed by open chest necropsy. Blood plasma was collected, and 

animals were perfused using PBS and trachea were canulated for bronchoalveolar 

lavage (BAL) collection followed by lung and liver tissue collection.  

VII. Plasma and lavage fluid analysis 

Blood plasma was collected in EDTA-coated tubes following centrifugation 

and aliquots were stored for further analysis. BAL fluid and cells were collected, 

and aliquots were stored for further analysis. Plasma and BAL fluid were analyzed 

for IgE and TH2 cytokine (e.g., IL-13) levels by specific ELISAs as per the 
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manufacturers’ instructions. BAL cells were cytospun onto slides and stained for 

eosinophils by immunostaining.  

VIII. Lung tissue analysis 

Post-euthanasia and BAL collection the canulated trachea and lungs were 

either snap-frozen or were fixed in formalin for 2h while hanging under a constant 

pressure equivalent to 25cm. The formalin-fixed lungs were then for paraffin-

embedding and lung tissue sections were prepared. Histochemical staining with 

H&E was carried out to assess the gross lung morphology. Serial sections were 

also stained with Alcian Blue (Richard-Allan Scientific) and AB/PAS to stain for 

mucin glycoproteins. The airway epithelial cell and mucous cell numbers per mm 

basal lamina (BL) were measured using the BZX700 All-in-one microscopy system 

(Keyence Inc., Japan). Another set of serial sections were used for airway mucin 

MUC5AC and eosinophil dual-immunostaining. In all cases, quantification and 

morphometry was carried out by a person unaware of slide identity.  

The snap-frozen lung tissue aliquots were used for RNA isolation and gene 

expression analysis of select cytokines and inflammatory factors (IL-6, IL-13, and 

airway mucin Muc5ac and its master transcriptional regulator Spdef mRNA levels) 

using a real-time qRT-PCR analysis. 

IX. Statistical analysis 

Grouped results were expressed as means ± SEM and p < 0.05 was 

considered significant. Data were analyzed using GraphPad Prism Software 
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(GraphPad Software Inc.) using one-way analysis of variance (ANOVA) or a two-

way ANOVA and with a post-hoc multiple comparison analysis. When significant 

effects were detected (P < 0.05), Fisher’s least significant difference and student’s 

t test was used to determine differences between groups. 

Appendix 1: Results 

I. Exposure conditions 

Animals in all the chambers were exposed to similar environmental 

conditions as reflected by the average temperature and humidity recorded during 

the study as shown in Table 5. The average temperature in all of the chambers 

ranged between 20.32o C to 21.73o C with the humidity levels ranging from 49.92 

to 56.69%. 

Table 6.  Average chamber temperatures and humidity percentages during the 
study period.  

 

II. CDE aerosol concentrations 

The analysis of the cat dander allergen protein Fel D1 in all of the chambers’ 

air samples was performed by Indoor Technologies Inc. There were comparable 

levels of CDE aerosol generated in each of the chambers (PC, TF, and CF 

chambers) throughout the six-weeks of study with an average Fel D1 levels 

achieved at 60.05, 64.74, and 59.62 ng of Fel D1 (Table 6). Most importantly, the 
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air samples collected pre- and post- air-filtration shows that both the Test filter and 

the Control filter were able to completely suppress the Fel D1 levels in the each of 

the chambers compared to the positive control chamber with sham air-filter where 

there was still 50% of the initial Fel D1 aerosols was present in the air sample. 

Table 7.  Summary of total aerosol concentrations for FY14-089.  

 

III. Mice body weights and daily observations 

Animals in the study weighed between 26g and 32g in the beginning of the 

study with average body weight in each group around 30g. The changes in the 

body weights were calculated as the percentage of the initial body weight for each 

mouse and average change was plotted for each group (Figure 40). Animals in 

the room air gained around 8% of body weight during the study whereas the mice 

exposed to CDE aerosol failed to gain any weight with no significant difference 

among the PC, TF, and CF mice. 
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Figure 40. Average changes in the weekly body weights of mice in each group 
during the study. 

 
IV. Lung function analyses 

Five animals in each group were subjected to pulmonary function analysis 

to determine changes in airway hyperreactivity following methacholine (Mch) 

bronchoprovocation. There was significant increase in airway resistance in PC 

group of mice at 3 and 6 mg/ml of Mch challenges compared to the NC group 

(Figure 41A and 41C). Both the TF and CF mice airways were not sensitive to 

Mch challenges with changes in lung function parameters not distinctive from the 

NC group indicating that air-filtration by both TF and CF has functionally 

suppressed the CDE allergen levels. There were no significant changes observed 

in the dynamic compliance of mice airways for any of the groups tested (Figure 

41B and 41D). 
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Figure 41. Changes in airway resistance (A. and C.) and dynamic compliance (B. 
and D.) of mice in each group following the increasing dose of methacholine 
aerosol challenges. Data shown as mean ± SEM for each datapoint; data analyzed 
by 2-way ANOVA; **p<0.01. 

V. Lavage cells and airway eosinophilia 

Among the BAL cells collected, there were on an average 3.53 x105 

cells/ms in the NC group. The CDE allergen induce the cellularity in BAL by 4-fold 

yielding 12.05 x 105 cells/ms in PC group. There was significant attenuation of the 

BAL cell recruitment in TF animals with an average of 6.14 x 105 cells/ms (Figure 

42A), whereas the CF mice only showed a trend toward lower BAL cell counts with 

an average of 9.44 x 105 cells/ms. Most of this cell infiltration was due to eosinophil 

recruitment as determined by immunostaining of BAL cytospins (Figure 42B) and 

quantification per mouse (Figure 42C) as well as eosinophils as a part of BAL cell 
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percentage (Figure 42D), wherein they accounted for around 32% of BAL cells in 

PC group with 3.96 x 105 Eos/mouse, and were significantly suppressed in the TF 

mice.  

 

Figure 42. CDE aerosol induced airway eosinophilia is suppressed by Test filter 
use. (A.) Violin plot analysis of total BAL cells obtained from each group where 
each dot represents individual mouse per group. (B.) Representative micrographs 
showing immunostained eosinophils (shown in red) in BAL cytospins for each 
group with nuclei stained with DAPI (shown in blue), scale bar - 10µ. Quantitation 
of (C.) total eosinophils and (D.) eosinophil percentage per ms in each group. Data 
analyzed by ANOVA (n=10/gp except for PC, n=9); *p<0.05. 

VI. Plasma and lavage IgE and IL-13 levels 

Plasma and lavage fluid collected from each mouse were assessed for total 

IgE levels and IL-13 cytokine levels using respective ELISAs. There was a 

significant increase in plasma IgE levels that were attenuated in the TF and CF 
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group (Figure 43A). A similar significant suppression was observed in the plasma 

IL-13 levels of TF and CF groups that was induced in the PC group (Figure 43B). 

Analysis of BALF IgE levels also showed a similar trend where CF showed a better 

attenuation of CDE-induced IgE levels (Figure 43C) but there was no difference 

in the BALF IL-13 levels among the mice of all the groups analyzed (Figure 43D). 

 

Figure 43. Quantitation of plasma (A.) IgE and (B.) IL-13, and BALF (C.) IgE and 
(D.) IL-13 levels in mice from each group as determined by ELISA. Data analyzed 
by ANOVA (n=5/gp); *p<0.05; **p<0.01. 

VII. Inflammatory gene expression 

Among the inflammatory genes analyzed there was not significant 

difference observed in the levels of IL-6, IL-13, Muc5ac, and Spdef mRNA levels 

in any of the mice groups (Figure 44). 

VIII. Lung tissue histopathology 

There was no significant difference in gross lung tissue histopathology in 

any of the groups in terms of cellularity around airways, blood vessels, or in 

parenchyma (Figure 45A). However, the axial airways showed increased mucous 

metaplasia in PC mice as shown in Figure 8B and the TF and CF group showed 

some attenuation of the mucous cell numbers per mm BL (Figure 45B).  
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Figure 44. Relative quantities of IL-6, (A.) IL-13, (B.) MUC5AC, (C.) and SPDEF 
(D.) mRNA levels in NC, PC, TF, and CF mice lung tissues as analyzed by the 
real-time qRT-PCR analysis. 

 
Figure 45. Representative micrographs of mouse lung tissue from each group 
showing gross morphology and airway mucous metaplasia. (A.) Low magnification 
images of whole lung section stained with H&E showing the bronchial airways 
(marked with a red asterisk), scale – 200 µM. (B.) A high magnification image of 
lung axial airways stained with AB/PAS showing the AB+ mucin glycoprotein 
marking the mucous/goblet cells (marked with red arrows), scale – 10 µM.    

IX. Airway mucous metaplasia and peribronchial eosinophilia 

The changes in mucous cell metaplasia were further confirmed by 

immunostaining of serial sections with antibody to Muc5ac that showed significant 
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attenuation in TF mice than the CF mice (Figure 46A-46B). The sections were 

also co-stained for eosinophils that marked a significant peribronchial eosinophilia 

in PC mice compared to NC mice and the TF significantly attenuated this increased 

eosinophil recruitment whereas CF group mice failed to show any change from the 

PC group (Figure 46A and 46C). 

 
Figure 46. The airway mucous cell metaplasia and peribronchial eosinophilia 
caused by CDE aerosol exposure is mitigated by Test air-filter. (A.) Representative 
micrographs showing airway Muc5ac+ mucous/goblet cells (shown in red) and the 
eosinophils (shown in green) with nuclei stained with DAPI (shown in blue), scale 
bar - 10µ. Quantitation of (B.) mucous cells per mm of BL and (C.) Eosinophils per 
mm2 area in each group of mice.  
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Appendix 2: E-Cigarette Aerosols such as Synthetic Cooling Agent WS-23 

and Nicotine Differentially Modulate Airway Epithelial Cell Responses 

Appendix 2: Introduction 

I. Synthetic Cooling Agent WS-23 and Nicotine Modulation of Airway 

Epithelial Cell Responses 

Recent studies have found that e-cigarette (e-cig)/electronic nicotine 

delivery systems (ENDS) use during smoking cessation led to both a reduced 

effectiveness in cessation and a higher relapse rate as compared to no product 

use. (274-278) Menthol usage in e-cigarettes, e-liquids, and other ENDS products 

is known to enhance the appeal of these products, particularly to young adult 

users, as it reduces the harshness and bitterness of the products. (279, 280)  The 

U.S. Food and Drug Administration (FDA) recently banned flavorings other than 

menthol and tobacco in closed pod systems, dramatically increasing the use of 

menthol-containing e-cig/ENDS products. (281, 282)  Reports have suggested that 

this change may have led to increased presence of menthol and cooling agents 

such as WS-23 in e-cig products which may ultimately exposure users to more 

harm. (283) Chemical analysis of various menthol-flavored e-cig products 

corroborated the presence of various harmful compounds (283-286). Despite 

efforts to curb the appeal of e-cigarettes, particularly to young adults, the use of 

menthol and "iced/cooling" flavors has only increased in popularity and has 

potentially contributed to the increased addictive properties of e-cigarettes. (286) 

Considering the recent outbreak of e-cigarette or vaping use-associated lung injury 
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(EVALI) the current rate of e-cig use may cause severe comorbid conditions 

among a larger population. (287) Among various cooling agents analyzed, the 

synthetic cooling agent WS-23 was reportedly used most prominently. (288) 2-

isopropyl-N,2,3-trimethylbutyramide, commonly known as WS-23, was found to be 

present in most e-liquids marketed in the U.S. in quantities that may exceed 

consumer exposure safety standards. (288)   

Although studies on the biological effects of WS-23 are lacking, a recent 

report found that there may be cytotoxicity induced by WS-23 exposure in vitro. 

(283) One study found that various flavoring products induced ROS generation 

and superoxide production in vitro in lung epithelial cell lines and monocytes. (289) 

Similarly, ROS generation and pro-inflammatory effects were observed to be 

induced by e-cig aerosol/vape exposure; these effects were further amplified by 

flavored e-cigs in periodontal fibroblasts. (290) Furthermore, e-cig use affected 

lung inflammatory responses, and importantly, the aerosols consisting of 

propylene glycol/vegetable glycerin (PG/VG) vehicle alone were found to induce a 

potent pro-inflammatory response and immune infiltration in BAL fluid (BALF). 

(291)  

The respiratory AECs are pivotal to innate immune defense against inhaled 

toxicants/allergens, and the AEC responses to aerosolized e-cig components are 

crucial for orchestrating the lung immune responses. (68, 167)  Any dysregulation 

in AEC-mediated responses can significantly impact the susceptibility to infection 

(292); a recent study has shown that e-cig use induces a reduction in AEC ciliary 
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beating frequency, as well as changes in cytokine and chemokine production. 

(293)  Nevertheless, the impact of synthetic cooling agents such as WS-23 

individually has not been investigated. With the continuously increasing usage of 

the WS-23 cooling agent, coupled with the increased usage of e-cigarettes, 

particularly in young adults, there is a need to assess the effects of WS-23 

aerosols/vapes on both AECs and the innate immune response of airways.  

Appendix 2: Materials and Methods 

I. Human airway epithelial cell culture  

Primary human AECs were seeded in clear TC-treated 6-well plates 

(Corning Costar®) using bronchial epithelial cell growth media (BEGM, Lonza, or 

UNC MLI Cell Culture Core), and e-cig aerosol treatments were started 24 hours 

after seeding. Alternatively, primary AECs were also grown in air-liquid interface 

(ALI) cultures as described previously (2) and cells were differentiated for a 

minimum of 21 days before treatments.  

II. E-liquid reagents and e-cig aerosol/vape exposures 

E-liquid synthetic cooling and flavoring agent WS-23 (CAS#51115-67-4, 

from FlavorJungle, Bellingham, WA) was used with or without Nicotine (Sigma-

Aldrich, Inc.), and PG/VG (1:1, propylene glycol: vegetable glycerin) was used as 

a vehicle control. There were four treatment groups, where cells were treated with 

PG/VG, 3% WS-23 in PG/VG, 2.5% Nicotine in PG/VG, or 2.5% Nicotine + 3% 

WS-23 prepared in PG/VG. Human AECs were exposed to e-liquid aerosols using 
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the Buxco E-cigarette, Vapor, and Tobacco (EVT) exposure system (Data 

Sciences International, St. Paul, MN, USA) as described before (294). Briefly, cells 

were exposed to e-cig aerosols for 15 minutes per day with a puff topography of 2 

puffs/minute (3 s/puff, 55 mL/puff). Smok® X-Priv mod kit was used for smoke 

delivery installed with Prince® V12 triple mesh coils with 90 watts coil wattage.  

After exposure, cells were incubated at 37°C and 5% CO2 for another 24 hours 

and cells and media supernatant were harvested after 48 and 72 hours of 

exposure. Cell viability was assessed by the trypan blue exclusion method. Briefly, 

trypsinized cells were resuspended in phosphate-buffered saline (PBS), and 

samples were mixed 1:1 with 0.4% trypan blue solution (catalog no. 302643; 

Sigma-Aldrich), and live/dead cells were counted using TC20 automated cell 

counter (Bio-Rad Inc). 

III. Inflammatory gene expression analysis by qRT-PCR 

Total RNA extraction was performed using the RNeasy Mini kit (Qiagen) 

according to the manufacturer's instructions, and cDNAs were synthesized using 

the Applied Biosciences High-Capacity RNA-to-cDNA® Synthesis Kit (Thermo 

Fisher Scientific, Inc), per manufacturer's instructions. Expression levels of ICAM-

1 and IL6 mRNAs were quantified using SYBR Green-based primers and the iTaq 

master mix (Bio-Rad Inc) in the Bio-Rad CFX Real-Time PCR detection system 

(Bio-Rad Inc). Relative quantification data were obtained using the delta-delta 

(ΔΔ)Ct method by normalizing to the respective beta-actin and/or GAPDH mRNA 

levels as described recently. (2) 
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IV. Secretory inflammatory factor analysis by ELISA  

The protein levels of ICAM-1 and IL-6 were determined using human ELISA 

kits against ICAM-1 (LifeSpan Biosciences Inc., Seattle, WA) and IL-6 (BioLegend 

Inc., San Diego, CA), respectively, as per manufacturers' instructions. 

V. Immunocytochemical staining and imaging analysis 

For immunocytochemical staining, cells were fixed with 4% 

paraformaldehyde (PFA) and washed in 0.05% v Brij-35 in PBS (pH 7.4) and 

immunostained using antibodies to MUC5AC (Millipore Inc., Burlington, MA), 

CCSP (Santa Cruz Biotechnology, Santa Cruz, CA) and β-tubulin (Cell Signaling 

Tech., Danvers, MA) or isotype controls. Briefly, cells were blocked using a 

solution containing 3% BSA, 1% Gelatin, and 1% normal donkey serum with 0.1% 

Triton X-100 and 0.1% Saponin and were stained with antibodies. The 

immunolabelled cells were detected using respective secondary antibodies 

conjugated fluorescent dyes (Jackson ImmunoResearch Lab Inc., West Grove, 

PA) and mounted with 4',6-diamidino-2-phenylindole (DAPI) containing 

Fluormount-GTM (SouthernBiotech, Birmingham, AL) for nuclear staining.  

Immunofluorescent images were captured using the BZX700 Microscopy system 

(Keyence Corp., Japan) and analyzed using NIH Image J software. 

VI. Statistical analysis 

Data expressed as mean±SEM were analyzed using GraphPad Prism 

Software (GraphPad Software Inc.) using one-way analysis of variance (ANOVA) 

with and following Tukey's multiple comparison test. When significant main effects 
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were detected (p<0.05), student's t-test was used to determine differences 

between the groups. Studies were performed following three separate 

experiments. 

Appendix 2: Results 

I. Exposure to synthetic cooling agent WS-23 aerosols modulates 

airway epithelial cell viability 

We first analyzed the effects of aerosolized 3% WS-23 on cell viability of 

AECs in submerged cultures at 48 and 72h of treatment. The viable cell counts 

showed no significant change in cell numbers among all the groups tested. 

However, the WS-23 aerosol-treated cells showed a trend toward reducing viable 

cell numbers (Figure 47A). Interestingly, at 72h of treatment, specifically in cells 

treated with 3% WS-23 or 2.5% nicotine aerosols, we observed a significant 

increase in viable cell numbers, but there was no synergistic effect observed in 

cells treated with WS-23+nicotine combination (Figure 47B). It is noteworthy that 

cells treated with PG/VG aerosols showed a marked reduction in cell numbers at 

72h compared to 48h of treatment. 



 158 

 

Figure 47. Synthetic flavoring agent WS-23 aerosols induce cell proliferation in 
AECs following 72 h of treatment. Live cell numbers following (A.) 48h, and (B.) 
72h treatment with aerosolized PG/VG (50:50), PG/VG + 3% WS-23, PG/VG + 3% 
WS-23 + 2.5% nicotine, or PG/VG + 2.5% nicotine using Buxco EVT system. Data 
shown as mean ±SEM and analyzed by one-way ANOVA, n=2/gp. Original source 
(295). 
 

II. PG/VG vehicle induces an inflammatory response in human AEC 

independent of nicotine and WS-23 

As PG/VG has been shown to dysregulate AEC responses (296) we 

analyzed IL-6 and ICAM-1 mRNA levels upon exposure to PG/VG for 24h, 48h, 

and 72h. Interestingly, we observed a significant increase in both IL-6 and ICAM-

1 mRNA at 48h of exposure, which was further potentiated at 72h of exposure time 

(Figure 48A-48B). These data suggest that PG/VG vehicle without added 

constituents can dysregulate the cellular responses, which may be further 

potentiated or inhibited by the addition of nicotine or WS-23.  
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Figure 48. Propylene glycol (PG)/Vegetable glycerin (VG) induces increased IL-6 
and ICAM-1 expression at 48h and 72h of exposure time. (A.) IL-6 and (B.) ICAM-
1 mRNA levels upon 24h, 48h, and 72h of exposure to PG/VG vehicle. Data shown 
as mean±SEM and analyzed by one-way ANOVA, n=2/gp. Original source (295). 

III. WS-23 aerosols alter innate inflammatory response kinetics of 

human AECs 

We next analyzed the effects of WS-23 aerosols on AEC mRNA expression 

of inflammatory factors, IL-6, and ICAM-1, which are important modulators of AEC 

innate responses (2). At 48h of treatment, IL-6 mRNA levels were significantly 

reduced by WS-23 or nicotine aerosol exposure, as the WS-23, WS-23+nicotine, 

and nicotine alone aerosol treated groups presented with 2.0-fold or higher 

reduction in IL-6 mRNA levels, compared to PG/VG-treated controls (Figure 49A). 

In contrast, cells treated with WS-23 or nicotine aerosols showed a trend towards 

increased ICAM-1 mRNA expression; however, WS-23+nicotine combined 

treatment induced a significant increase in ICAM-1 expression (Figure 49B). Thus, 

ICAM-1 mRNA levels were increased by WS-23 and nicotine treatments, and 

treatment with both WS-23 and nicotine in conjunction (WS-23+nicotine) further 

potentiated the increase in ICAM-1 mRNA levels. 
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Figure 49. WS-23 flavored e-liquid aerosols suppress the expression of IL-6 and 
induce the expression of ICAM-1 following 48 h of treatment. Relative quantities of 
(A.) IL-6 and (B.) ICAM-1 mRNAs following 48 h exposure to aerosolized PG/VG, 
PG/VG + WS-23, PG/VG + WS-23 + nicotine, or PG/VG + nicotine. Data shown 
as mean±SEM and analyzed by one-way ANOVA, n=2/gp. Original source (295). 

After 72h of treatment, we observed a similar trend in the expression levels 

of IL-6 mRNA. Cells treated with WS-23, WS-23+nicotine, and nicotine alone 

aerosols presented with a 1.5-, 1.7-, and 2.0-fold decrease in IL-6 mRNA levels, 

respectively, compared to PG/VG-treated controls after 72h of treatment (Figure 

50A). Surprisingly, ICAM-1 mRNA levels were markedly reduced, with WS-23, 

WS-23 + nicotine, and nicotine alone treatments causing a 1.8-, 1.75-, and 1.88-

fold reduction in ICAM-1 expression, respectively, when compared to the PG/VG-

treated controls (Figure 50B).  
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Figure 50. Aerosolized WS-23 exposure suppresses IL-6 and ICAM-1 expression 
and secretion in conjunction with nicotine aerosol exposure. Relative quantity of 
(A.) IL-6, and (B.) ICAM-1 mRNA levels following 72 h of exposure as evaluated 
by qRT-PCR. Secreted protein levels of (C.) IL-6, and (D.) ICAM-1 as evaluated in 
cell culture supernatants by specific ELISA assays after 72 h of aerosol exposure. 
Data shown as mean±SEM and analyzed by one-way ANOVA, n=2/gp. Original 
source (295). 

We next corroborated these results by investigating the changes in protein 

levels of secretory IL-6 and ICAM-1 in culture media supernatants harvested at 72 

h treatment. Interestingly, IL-6 secretory levels were on an average 2,292 pg/ml in 

PG/VG control culture media; and 1,932 pg/ml in WS-23; 2,835 pg/ml in WS-

23+nicotine; and 2,338 pg/ml in nicotine treated groups (Figure 50C). There was 



 162 

a significant reduction in ICAM-1 expression upon all three treatments. The PG/VG 

control treatment presented with 15,105 pg/ml of ICAM-1, whereas the WS-23, 

WS-23+nicotine, and nicotine alone treatments presented an average of 11,196, 

10,381, and 11,388 pg/ml, respectively (Figure 50D). Thus, aerosolized synthetic 

cooling agent WS-23 alters the innate airway immune responses of human AECs.  

IV. WS-23 aerosol exposure modulates the goblet cell differentiation 

in AECs  

Next, we analyzed the effects of WS-23 aerosols on a differentiated AEC 

population cultured on an air-liquid interface. Groups of Transwells were treated 

with aerosolized PG/VG vehicle, WS-23, nicotine, and WS23+nicotine. After 72 h 

treatment, there were significant changes in MUC5AC+ mucous/goblet cells by 

both WS-23 or nicotine aerosol exposure (Figure 51A). The WS-23 and nicotine 

alone aerosol treated groups presented with increased goblet cells compared to 

PG/VG-treated controls, but there was no synergistic effect of WS-23+nicotine 

combination exposure (Figure 51B). In contrast, there was a reduction in CCSP+ 

secretory club cells in WS-23, WS-23+nicotine, or nicotine aerosols treated groups 

(Figures 51C-51D). Thus, WS-23 and nicotine aerosols modulate the airway 

secretory cell population by affecting the goblet cell hyperplasia, which could 

impact the respiratory physiology and needs further validation using in vivo 

exposure models. 
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Figure 51. Aerosolized WS-23 exposure augments MUC5AC+ goblet cell 
hyperplasia and reduces the CCSP+ secretory club cell population in differentiated 
AECs. (A.) Representative micrographs showing MUC5AC immunopositivity 
(shown in green) in AECs treated with aerosolized PG/VG, PG/VG + WS-23, 
PG/VG + WS-23 + nicotine, or PG/VG + nicotine, and nuclei were stained by DAPI 
(shown in blue), scale – 5µm. (B.) Quantification of MUC5AC-positive (+) goblet 
cells in each treatment group. (C.) Representative micrographs showing CCSP 
immunopositivity (shown in red) in AECs treated with e-liquid aerosols. (D.) 
Quantification of CCSP-positive (+) cells in each group after 72h of aerosol 
exposure. Data shown as mean±SEM and analyzed by one-way ANOVA, n=2/gp. 
Original source (295). 

Appendix 2: Discussion 

The FDA considers flavoring and cooling agents safe when utilized as food 

additives; however, the risks associated with their inhalation, through vaping, are 

poorly defined. (297) Little is known about how e-cig constituents affect the 

respiratory tract, specifically when emerging evidence indicates that the acute 

effects of e-cig products use on the respiratory system need to be revisited. (296, 

298-301) Furthermore, it has been reported that menthol, in concentrations found 
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in e-cig aerosols may disturb cell homeostasis and can trigger oxidative stress via 

the NF-κB pathway. (302) Induction of oxidative stress and chronic mitochondrial 

dysregulation is central in many pathologic conditions such as chronic 

inflammatory and aging-associated degenerative diseases. (205) Most 

importantly, alarmingly high toxic levels of synthetic cooling agents/coolants such 

as WS-3 or WS-23 carboxamides are used in the emerging e-cigs products. Still, 

the risk associated with their inhalation and safety regulations is understudied. 

These are not only found in mint/menthol-flavored products but also in the fruit-, 

candy-, and ice flavors, including the popular disposable pod- and mod-based 

products. Even without nicotine or flavoring agents, e-cig use can induce 

significant changes in the lung epithelium; one study found that chronic exposure 

to e-cig aerosols in a mouse model suppresses the innate immune response, 

particularly against viral infection. (296) Aerosolized e-liquid solvents exposure 

induces significant changes in the airway epithelium, with or without added 

flavoring elements. However, the results are highly variable. Contrasting changes 

in inflammatory factors expression were reported on a significant increase either 

in expression or with no change in the expression levels of IL-6 and CXCL-8. (293) 

This discrepancy could be mainly attributed to the exposure systems used for e-

cig aerosols and the addition of nicotine or other flavoring chemicals. (293) There 

have been significant variations in study design, and the need for further 

investigation is dire. As newer ENDS emerge and regulations continue to change 

with evolving consumer preferences, it is crucial to understand the effects of 

prominently used flavoring compounds, like WS-23. Our results further indicate 
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that PG/VG dysregulates cellular responses with or without nicotine or flavoring 

agents. Notably, we found that those responses were inhibited by adding additional 

constituents such as WS-23 and nicotine.  

In this study, we used a submerged culture model of primary AECs and 

exposed them to e-cig vapor using PG/VG as a vehicle-only control and compared 

the effects to those with PG/VG and WS-23, nicotine or WS-23 and nicotine 

exposure. Our results demonstrated that even at 48h after exposure, there is a 

significant reduction in the expression levels of IL-6, and concurrently, a trend of 

increased expression of ICAM-1, with a significant increase in ICAM-1 levels upon 

WS-23+nicotine treatment. These data further corroborate the observations that 

WS-23 may alter the innate immune responses of AEC. Suppressing the IL-6 

levels may hinder the rapid AEC immune response to pathogen presence. (303) 

Alternatively, the increased levels of ICAM-1 suggest a differential effect on 

regulatory pathways. It has been reported that e-cig exposure without nicotine may 

induce a transient increase in secretory ICAM-1 levels; however, the effects of WS-

23 on these pathways have not been thoroughly investigated. (304) Furthermore, 

at the 72-hour time point, we observed a significant reduction in the expression of 

IL-6 mRNA levels, the expression of ICAM-1 mRNA levels, and the secretory 

protein levels of ICAM-1. Research evaluating the effect of WS-23 on MUC5AC+ 

goblet cells and airway epithelial cells is lacking; however, it has been shown that 

WS-23 may induce MUC5AC expression in patients with chronic obstructive 

pulmonary disease (COPD) by binding to transient receptor potential cation 
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channel (TRMP)8, which is upregulated in COPD patients. (305, 306) Nicotine 

exposure has been well established as an inducer of mucin MUC5AC expression. 

(307, 308) Here, we report that WS-23 may be inducing a similar response 

independent of nicotine presence and may require further investigation into long-

term effects. 

Interestingly, it has been reported that nicotine can reduce the levels of 

CCSP by reducing the transcription factor FOXA2. (309, 310) However, research 

investigating the effect of WS-23 on CCSP expression is lacking. We found that 

exposure to both WS-23 and nicotine induced a trend of increased CCSP 

expression compared to PG/VG control; however, these results were not 

significant (data not shown). This may suggest that WS-23 induces an acute 

increase in secretory cells, and further investigation is required into the long-term 

changes that may be induced by WS-23 exposure, independent of nicotine.  

Our data further corroborate the effects of both nicotine and WS-23 on 

AECs and suggest that flavoring agents may amplify or reduce the toxic effects of 

various e-cig components such as those induced by PG/VG vehicle and nicotine 

or nicotine salt additives. Notably, WS-23 and nicotine presence reduced the 

inflammatory responses that were strongly induced by PG/VG vehicle 

independently. These data collectively suggest that aerosolized synthetic cooling 

agent WS-23 alters the innate airway immune responses of human AECs and thus, 

potentially could increase the susceptibility to respiratory pathologies. 
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