Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for an
advanced degree from Emory University, | hereby grant to Emory University and its agents the
non-exclusive license to archive, make accessible, and display my thesis or dissertation in whole
or in part in all forms of media, now or hereafter known, including display on the world wide
web. I understand that I may select some access restrictions as part of the online submission of
this thesis or dissertation. | retain all ownership rights to the copyright of the thesis or
dissertation. | also retain the right to use in future works (such as articles or books) all or part of
this thesis or dissertation.

Signature:

Kristen Fowler Easley Date



INTOXICATING INTERACTIONS: THE IMPACTS OF CHRONIC ALCOHOL USE AND
SARS-COV-2 INFECTION ON AIRWAY EPITHELIAL CELLS

By

Kristen Fowler Easley
Doctor of Philosophy

Graduate Division of Biological and Biomedical Science
Biochemistry, Cell, and Developmental Biology

Michael Koval, PhD, Advisor

Paul Dawson, PhD, Committee Member

Andrew Kowalczyk, PhD, Committee Member

Nael McCarty, PhD, Committee Member

John Hepler, PhD, Committee Member

Accepted:

Kimberly Jacob Arriola
Dean of the James T. Laney School of Graduate Studies

Date



INTOXICATING INTERACTIONS: THE IMPACTS OF CHRONIC ALCOHOL USE AND
SARS-COV-2 INFECTION ON AIRWAY EPITHELIAL CELLS

By

Kristen Fowler Easley
B.S., Xavier University of Louisiana, 2015
M.S., Tulane University, 2016

Advisor: Dr. Michael Koval, Ph.D.

An abstract of
A dissertation submitted to the Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in Graduate Division of Biological and Biomedical Science
Biochemistry, Cell, and Developmental Biology
2023



Abstract

INTOXICATING INTERACTIONS: THE IMPACTS OF CHRONIC ALCOHOL USE AND
SARS-COV-2 INFECTION ON AIRWAY EPITHELIAL CELLS

By: Kristen Fowler Easley

The airway epithelial barrier is the first line of defense against environmental and
biological insults to the lung. To accurately study how these insults, in addition to airway diseases,
affect epithelial cell function, we must develop in vitro cell culture systems that best mimic the in
vivo microenvironment. We created a differentiation medium with physiologic glucose levels
(150mg/dL) called Emory-ALI (E-ALI) that encouraged differentiation of non-diseased and CF
respiratory epithelial cells and allowed for insulin-stimulated glucose uptake and metabolic
analysis. We used this improved system to examine whether Alcohol Use Disorder (AUD) was a
risk factor for a more severe outcome in response to SARS-CoV-2 infection. We examined early
responses to infection using cultured differentiated bronchial epithelial cells derived from
brushings obtained from people with AUD or without AUD. We found that AUD cells had a
significant decrease in barrier function up to 72 h after infection, while non-AUD cells increased
their barrier function. AUD cells secreted more pro-inflammatory cytokines during the 72 h
infection time course and displayed increased basolateral secretion compared to non-AUD cells.
RNA-seq analysis revealed 164 differentially expressed genes between AUD and non-AUD cells,
and suggested that AUD cells adapted an inflammatory, epidermal gene expression profile. To
further determine how chronic alcohol use impacts the airway epithelial barrier, | utilized a variety
of bronchial epithelial cell sources. | found that ethanol-treated airway cells had a decrease in
barrier function during differentiation but had similar barrier function to untreated cells once
differentiation into a mucociliary monolayer was complete. Interestingly, differentiation of AUD
and non-AUD cells revealed a correlation between patient age and unjamming, a phenomenon
where cells undergo aberrant collective cell migration. Together, these data underscore the
sensitive yet resilient nature of airway epithelial cells in response to environmental and biological
insults and highlight the need to further study the impacts of glucose levels, chronic alcohol use
and SARS-CoV-2 infection on the airway epithelium.
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Chapter 1: Introduction

1.1 Lung Anatomy and Physiology

The respiratory system is an extremely complex and multi-structured system with two main
functions: enabling gas exchange between the bloodstream and inhaled air and maintaining acid-
base balance. In order to do this, the respiratory system must also provide a physical barrier to
infectious agents and particulate matter. Examining the structure of each part of the respiratory
system can elucidate how they support the abovementioned functions (1).

The respiratory system is divided into two zones: the conducting zone (proximal) and the
respiratory zone (distal). The main functions of the conducting zone include purifying, warming,
humidifying and shunting the inspired and expired air. Air enters through the nose and is filtered
as it passes through the nasal cavities. It then enters the pharynx and larynx, conducting tubes that
consist of skeletal muscle and cartilage, respectively and epithelia. Air continues through the
trachea, which then branches into the primary bronchi and bronchial tree. The trachea and bronchi
are also composed of cartilaginous structures to enable air conductance and prevent airway
collapse. Mucus membranes are found throughout the conducting zone and trap infectious agents
and debris (1).

The respiratory zone starts with non-cartilage containing structures called terminal
bronchioles, which lead into an alveolar duct and open into a group of alveoli. A single alveolus
is a grape-like structure that is the site of gas exchange (1). Human lungs can contain between 274-
790 million alveoli (2). This large number of alveoli and their elastic nature enables maximum
surface area for gas exchange (1).

Respiratory epithelium in the conducting zone act as a physical barrier against microbes,



environmental insults and mechanical stress to maintain interstitium sterility. They are thought to
have both innate and adaptive immune functions since they detect insults, enable localized attack
of microbes and secrete inflammatory signals to immune cells patrolling the respiratory tract (3).
The large airways are lined with a pseudostratified layer of epithelial cells that becomes more
columnar and cuboidal in the small airways. Both large and small airway epithelium consist of
ciliated cells, secretory cells, various columnar cells, neuroendocrine cells and basal cells with
different percentages of these cell types depending on the proximodistal site (4). The respiratory
zone is lined with small, cuboidal type Il alveolar epithelial cells and large, squamous type |
alveolar epithelial cells (5). Type Il cells secrete surfactant to prevent alveolar collapse, elicit
immune responses and can differentiate into type | cells to repair alveoli (6, 7). Type | cells

facilitate gas exchange between the bloodstream and atmosphere (5).

1.1.1 The Airway Epithelium

The airway epithelium consists of numerous cells types with unique functions that enable
respiratory homeostasis. Classically, cuboidal-shaped basal cells are the progenitor/stem cells of
the airway and comprise 6-31% of airway epithelial cells (8). They are the primary cell type to
repair the airway after injury and are crucial for maintaining airway homeostasis. Basal cells self-
renew and differentiate into cell types such as goblet cells, club cells, ciliated cells, tuft cells,
pulmonary neuroendocrine cells (PNECs), and pulmonary ionocytes. Basal cell dysfunction can
be detrimental to airway homeostasis and was found to contribute to the pathogenesis of airway
diseases such as COPD, asthma, cystic fibrosis (CF) and lung cancer (9-12).

Club cells are dome-shaped, secretory cells that have interesting stem cell-like properties.

They are capable of differentiating into goblet and ciliated cells and dedifferentiating into basal



cells if repopulation is necessary (13). They secrete the protein uteroglobin (SCGB1A1l)
abundantly into the airway lining fluid, which exhibits anti-inflammatory and immunosuppressive
properties likely through cytokine inhibition (14, 15). In addition, club cell dysfunction has been
found to contribute to many respiratory conditions such as COPD, pulmonary fibrosis and acute
respiratory distress syndrome (16, 17).

Goblet cells are another type of secretory cell that mostly reside in submucosal glands in
the airway and are the main producers of mucus. Mucus is composed of numerous proteins and
other products, including mucins, electrolytes, fluids and antimicrobials and is vital to clearing
pathogens and debris from the airway upon expulsion (18, 19). The mucin glycoproteins MUC5AC
and MUCS5B have been heavily studied in regards allergic airway, cystic fibrosis and infection
susceptibility (20-22). Single cell RNA-seq analysis revealed two district mature goblet cell
populations: Goblet-1 cell secrete mucins, and mucosal proteins such as Trefoil factor 2 (Tff2) and
Goblet-2 secrete Lipf, a lipase that hydrolyses triglycerides (23).

Ciliated cells are columnar epithelial cells and contain apically localized hair-like
structures known as cilia. Ciliated cells comprise 47-73% of cells lining the airway depending on
proximodistal site (24). Cilia uniformly beat to clear mucus-trapped bacteria and debris, a process
known as mucocilliary clearance (MCC) (4). Genetic mutations that cause dysfunctional or
malformed cilia and are known as primary ciliary dyskinesias (PCD) and are characterized by
severe respiratory infections and decreased mucocilliary clearance (25). In addition to mutations,
numerous airway diseases and activities such as smoking and drinking cause cilia dysfunction (26-
29). Receptors found on ciliated cells are used for cell entry for many RNA viruses. For example,
SARS-CoV-2 targets angiotensin-converting enzyme 2 (ACE2) and Rhinovirus C targets cadherin

related family member 3 (CDHR3) (30).



Pulmonary ionocytes were first discovered in 2018 and likely comprise only 2% of the
airway epithelium (23, 31). They highly express CF transmembrane conductance regulator
(CFTR), an ion channel that allows passive diffusion of chloride ions and contributes to fluid
homeostasis of the airway surface liquid. Cystic Fibrosis is caused by mutations in CFTR and is
characterized by viscous mucus production and increased susceptibility to respiratory infections
(32). Interestingly, one study found that ionocytes expressed 55% of the detectable Cftr transcripts,
while ciliated cells expressed 1.5% (23). Pulmonary ionocytes are of particular interest to CF
researchers with the goal of finding new therapies to target this debilitating disease.

Pulmonary neuroendocrine cells (PNECs) are unique in the airway epithelium in that they
have neurological and immune capabilities (33). They are innervated but comprise only 0.5% of
the airway epithelium (33, 34). In addition, they secrete neuropeptides such as bombesin,
serotonin, GAPA and CRGP that modulate both a nervous and immune response. For example,
serotonin secretion by PNECs contributes to both bronchoconstriction and leukocyte recruitment
through cytokine secretion (35, 36). In regard to fetal and neonatal roles for PNECs, they are
important for proper lung development, yet contribute to sudden infant death syndrome (SIDS)
through hyperplasic mechanisms (37, 38).

Airway cells whose functions are understudied in comparison to the abovementioned cell
types include tuft cells, hillock cells and microfold cells. Much is known about tuft cells in regard
to other organ systems, but they seem to have chemosensory and immunological functions in the
airway (23, 39). Hillock cells form stratified layers in the airway, express keratin 13 and have a
high turnover rate (23, 40). Similar to their function in the gut, microfold cells likely have
pathogen-clearing and immunological properties (41).

The literature on the cell types that comprise the airway epithelium is vast, and each cell



type has a specific and vital function that contributes to airway and lung homeostasis.
1.2 The Apical Junctional Complex

It is critical for lung epithelial cells to maintain separation between the inhaled air and
sterile environment of the lung to maintain homeostasis. They must have tight control over both
transcellular and paracellular routes of transport for molecules, ions and fluid. As its name
suggests, the apical junctional complex (APC) is located at the apical membrane in epithelial cells
at sites of intercellular contact, creating a gate between the apical and basolateral domains. The
APC encircles each cell and initiates bicellular and tricellular contacts with adjacent cells, creating
a monolayer. The APC is composed of junctional complexes, including tight junctions and
adherens junctions that play critical roles in barrier permeability and cellular integrity. In addition,
polarity of epithelial cells is established by the APC through organization of the Crumbs (CRB)

and partitioning defective complexes (42).

1.2.1 Tight Junctions

Tight junctions (TJs) regulate epithelial barrier permeability to molecules, ions and water.
Three classes of membrane proteins found in TJs execute this function: Claudins, MarvelD
proteins and Ig-superfamily proteins. Claudins form paracellular ion channels that range in
specificity and permeability depending on the claudin isoform. There are twenty-three claudin
isoforms, designated as classic or non-classic based on their degree of sequence similarity.
Additionally, claudins can be designated as sealing (tighter barrier) or pore forming (leakier
barrier) claudins. Claudin isoforms are expressed in a cell-specific and, therefore, tissue-specific
manner, allowing for specialized barrier permeability depending on the needs of each organ (43,

44). lon specificity is further specialized depending on how claudin isoforms are interacting with



one another in the same cell and in the adjacent cell (44).

The MarvelD proteins occludin and tricellulin contribute to TJ assembly and barrier
integrity in a bicellular and tricellular manner, respectively (45). Further contributing to barrier
integrity are the junctional adhesion molecules (JAMS) that are part of the Ig-superfamily proteins.
JAMs expressed in barrier-forming cells control permeability of macromolecules and have been
recently linked to cell migration mechanisms (46, 47). All three classes of membrane proteins bind
to cytosolic scaffolding proteins such as zonula occludens (ZO) that link tight junctions to the actin
cytoskeleton (43, 45, 47).

The major claudin isoforms expressed in bronchial epithelial cells are claudin-1, claudin-
3, claudin-4, claudin-5 and claudin-7, which are all sealing claudins (48). Interestingly, many
claudin isoforms have non-canonical roles in the cell and can be found at the basolateral membrane
(49). For example, claudin-7, when palmitoylated, complexes with EpCAM in glycolipid-enriched
membrane domains and promotes cell motility (50). Additionally, claudin-7 was found to interact
beta 1 integrin at focal adhesion complexes and is important for cellular adhesion to the ECM (51).

The regulation of TJs, while complex, is critical to epithelial cell homeostasis.

1.2.2 Adherens Junctions

Adherens junctions (AJs) work in concert with TJs as part of the AJC to promote integrity
and cell-cell adhesion. In epithelial cells, the plasma membrane component of AJs consist of E-
cadherin and nectin, which interact with intracellular catenin proteins and afadin, respectively.
Catenin family members p120-catenin, B-catenin and o-catenin are regulated by a variety of
kinases and have unique roles for stabilizing and maintaining cell-cell contacts. Like TJs, AJs

interact with the actin cytoskeleton via a-catenin and afadin and are considered a signaling hub



for a variety of adhesion processes (52, 53).

In addition to it cell adhesion properties, 3-catenin enacts transcriptional regulation via the
Whnt/B-catenin signaling pathway (54). Upon Wnt binding to its receptor at the plasma membrane,
B-catenin translocates to the nucleus, binds Tcf/Lef transcription factors and regulates
proliferation, differentiation, migration, stem-cell renewal and apoptosis (55). Aberrant activation
of the Wnt/B-catenin pathway occurs in a multitude of solid tumors and cancers, likely contributing

to tumor invasion and metastasis (56).

1.3 Chronic Alcohol Use and the Lung

In 2019, 14.5 million people had alcohol use disorder (AUD) in the United States (57), and
an estimated 283 million people had AUD worldwide (58). Excessive alcohol use affects multiple
organs and can lead to chronic health issues such as liver disease, certain cancers, cardiac and
vascular diseases, mental health issues and alcoholic lung disease (58, 59).

Chronic alcohol users are 2-4 times more likely to develop acute respiratory distress
syndrome (ARDS), which carries a high mortality rate upwards of 35-55% (60, 61). ARDS is a
more severe form of acute lung injury, in which airspace inflammation leads to alveolar flooding,
inadequate gas exchange and severely low blood oxygen levels (62). In addition to alcohol use,
ARDS can result from other comorbidities and insults such as smoking, sepsis, pneumonia, trauma,

ventilator-induced lung injury and is associated with smoking (63).

1.3.1 Susceptibility to infections
Chronic alcohol use diminishes pulmonary function and immunity, leading to an increased

risk of viral infections and bacterial pneumonia (64). Remarkably, this association was noted as



early as 1795 and was continually recognized into the early 1900’s (65-67). In recent times, it was
found that chronic alcohol users are more likely to be admitted to the ICU and require a ventilator
(68-70). An independent association was found between current or past chronic alcohol use and
increased risk of acquiring a pneumococcal infection (68). Further, heavy alcohol use was
associated with a more severe outcome (ICU admission or death) from influenza (69).

A thorough examination of alcohol’s effects on the innate and adaptive immunity of
respiratory system suggests widespread dysfunction. Chronic alcohol use impairs mechanical
defenses, such as diaphragm movement and ciliary function in airway cells (64, 71). In addition,
it was associated with reduced production of surfactant-associated proteins as well as suppressed
alveolar macrophage function and neutrophil function. Alveolar macrophages and neutrophils are
two key innate immune cells that use phagocytosis to protect the host against pathogens. As part
of the acquired immune system, lymphocyte recruitment was suppressed due to chronic alcohol
exposure (64).

SARS-CoV-2, the virus responsible for the COVID-19 pandemic, stands for “severe acute
respiratory syndrome coronavirus 2.” In regard to the respiratory system, SARS-CoV-2 infects
mostly nasal epithelial cells, ciliated cells in the airway and type Il alveolar cells, due to their
expression of ACE2 and TMPRSS2, the two main receptors used for viral entry. The four main
stages of COVID 19 are upper respiratory tract infection, onset of dyspnea and pneumonia,
cytokine storm and hyperinflammatory state and death or recovery (72). In late 2020, a group
speculated that people with AUD may have a higher risk of developing worse outcomes with
COVID-19 (73), highlighting the need to study how chronic alcohol use coupled with SARS-CoV-
2 infection affects all organ systems, especially the respiratory system. However, upon further

investigation, clinical and epidemiological studies report conflicting data regarding chronic



alcohol consumption and SARS-CoV-2 infection outcomes. Two studies indicate there was no
correlation between chronic alcohol consumption and increased risk or severity of COVID-19 (74,
75), while an epidemiological study correlated number of drinks with ARDS following SARS-
CoV-2 infection (76).

Recently, two studies investigated a connection between chronic alcohol use and SARS-
CoV-2 infection in rodent models. The first study utilized three different alcohol exposure models
to mimic sub chronic exposure, non-abstinence (chronic) and abstinence (3-weeks of recovery).
They measured gene expression of ACE2 and TMPRSS2 in whole liver, lung, ileum, liver, kidney
and brain. There was a two-fold increase in ACE2 gene expression is all three model systems,
indicating that the lungs are particularly sensitive to alcohol and potentially require an extended
recovery time. In all three groups, TMPRSS2 was not upregulated in the lungs, although there was
a trending increase in the sub chronic and non-abstinent groups (77). The second study utilized
ethanol-fed transgenic mice expressing the human ACE2 receptor and instilled subunit 1 of the
SARS-CoV-2 spike protein (S1SP) intratracheally. Ethanol-fed mice instilled with S1SP showed
an increase in white blood cell count and cytokine production in bronchoalveolar lavage (BAL)
fluid compared to control-fed mice. Additionally, lung tissue from ethanol-fed mice had an
increase in ACE2 expression compared to control-fed mice (78).

The authors of the study and others hypothesize that an increase in ACE2 receptor protein
could lead to a more severe infection and outcomes. To date, numerous studies highlight this
correlation (79). Lung tissues from patients who died from COVID-19 show increased levels of
ACE?2 expression compared to patients who died from other causes (80); in the lungs, males have
a 3x increase expression of ACE2, and males have a significantly higher fatality rate for COVID-

19 (81, 82); in nasal and bronchial epithelium, ACE2 expression is lower in children compared to



adults, which may explain why children have less severe respiratory symptoms following SARS-
CoV-2 infection (83, 84). Despite these correlations, it is still unknown how infection,
comorbidities and ACE2 shedding alter ACE2 expression and how these parameters play a role in

disease severity.

1.3.2 Oxidative Stress

The lung specializes in the uptake of oxygen and the release of carbon dioxide, and
therefore, heavily relies on combating oxidative stress caused by reactive oxygen species (ROS).
ROS are produced in the healthy lung and released as cellular respiration products and by immune
cells as part of their bactericidal properties (85). Enzymes such as peroxidases, catalases and
superoxide dismutases, and antioxidants, such as glutathione, Vitamin C, Vitamin E and ubiquinol
work together to prevent ROS-induced oxidative damage to the lung (86, 87). In the alcoholic
lung, the epithelial lining fluid was found to have an 80% decrease in glutathione levels (400uM
to 50uM) as well as increased oxidation of glutathione into the glutathione disulfide form (88-90).
Oxidative stress and depletion of glutathione can be partially explained by the metabolism of
ethanol to acetaldehyde since acetaldehyde is known to reduce available glutathione levels. (89,
91). In an alcoholic rat model, alveolar type Il cells were found to have depleted glutathione levels,
mitochondrial-generated ROS and diminished surfactant synthesis, which led to increased
apoptosis of these critical cells (91, 92). However, dietary procysteine, a precursor to glutathione,
restored both cytosolic and mitochondrial glutathione levels, reduced mitochondrial ROS,
recovered surfactant production and reduced apoptosis of rat alveolar type Il cells from the
alcoholic rat model (92, 93).

Alveolar macrophages rely on the glutathione found in the epithelial lining fluid to combat
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ROS production (91). Alveolar macrophages from AUD subjects also show depleted levels of
available glutathione and increased levels of NADPH oxidases, rendering cellular functions such
as phagocytosis and clearance of pathogens dysfunctional (94, 95). In an alcohol fed rat model
however, zinc supplementation prevented ethanol-induced dysfunction of alveolar macrophages
and improved bacterial clearance in the lungs (96). Identifying pathways to combat oxidative stress
in the alcoholic lung is crucial to create prophylactic therapies for patients struggling with chronic
alcohol use (97).

It was discovered that following oxidative stress due to chronic alcohol use, there was an
increase in transforming growth factor beta-1 (TGF-B1). TGF-B1 can act in both an autocrine and
paracrine fashion by injury-induced separation from its latency complex and causes cell death and
barrier dysfunction of alveolar cells (98). Further, an increase in TGF-B1 due to chronic alcohol

consumption primes the lung for ARDS due to sepsis or lung injury (99).

1.3.3 Barrier Dysfunction

The association between chronic alcohol use and ARDS encouraged further investigation
into the alveolar epithelial cell barrier and the junctions that regulate it. As stated above, ARDS is
characterized by flooding of the alveoli and points to a disruption in fluid dynamics as highlighted
by increased protein found in BAL fluid in alcoholic patients. In vitro and in vivo models of
chronic alcohol use and lung injury reveal TJ-related decreases in barrier function, which is not
surprising since TJs promote barrier function (100, 101). Notably, claudin-3, claudin-7, claudin-
18, occludin, and ZO-1 decreased in response to chronic alcohol exposure. Interestingly, claudin-
5 expression was upregulated in response to chronic alcohol, and is associated with decreased

barrier function, TJ strand breaks, intracellular claudin staining and spike-like protrusions at TJs
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(TJ spikes). (101-104). This increased presence of claudin-5 at TJs caused more claudin-
18:claudin-5 interactions and less claudin-18:Z0-1 interactions to occur, elucidating a mechanism
for how hetero-claudin interactions influence barrier function (105). While increased claudin-5
correlated with the presence of TJ spikes, the TJ spikes are likely not influencing barrier function,
but rather have an unknown regulatory function (104).

Less is known about the impact of chronic alcohol exposure on the airway and its effects
on airway epithelial cells. However, it is clear that acute, mild exposure to alcohol has drastically
different effects compared to chronic exposure. Acute exposure may enhance MCC, cause
bronchodilation and mitigate detrimental inflammatory responses in asthma and COPD patients.
Chronic exposure, however, impairs MCC and contributes to worsening asthma and COPD (106).

In vitro models of acute ethanol exposure using bronchial epithelial cell lines suggest that
ethanol exposure alters TJ protein expression and barrier function. Bronchial epithelial cells
exposed to ethanol for 48 hours displayed a dose-dependent increase in barrier permeability, and
this was associated with decreased localization of claudin-1, claudin-5 and claudin-7 to TJs
through protein kinase C alpha (PKCa) activation (107).

The cytokine TGF-B1 is upregulated in chronic ethanol exposure and contributes to barrier
dysfunction in alveolar cells. This is also the case for bronchial epithelial cells acutely exposed to
60mM ethanol in vitro. However, the addition of the cytokine GM-CSF mitigated these effects in
both bronchial and alveolar cells and suggests that the relative balance of GM-CSF and TGF-$1
regulates barrier function. Remarkably, a higher GM-CSF:TGF-f1 ratio correlated with increased
survival of critically ill patients with ventilatory associated pneumonia suggesting this balance is
important for overcoming acute lung injury (108) . Given the drastic differences between acute

and chronic alcohol exposure on the airway, it is critical that chronic alcohol exposure models are
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developed in order to study the effects of chronic alcohol use on barrier function.

1.4 Scope of Dissertation

To properly study diseases of the airway, we must develop in vitro cell culture systems that
best mimic the in vivo environment. Primary airway cells cultured at air-liquid interface (ALI) on
Transwell permeable supports remain one of the most thoroughly used and tested model systems,
especially for studying airway cell barrier function. The culture medium must support airway cell
differentiation and function for 2 weeks at minimum, encourage barrier formation, and consist of
the nutrients and growth factors found in the in vivo microenvironment at physiologic
concentrations. In addition to supporting the differentiation of normal/healthy airway cells, the
system must support differentiation of diseased cells. This can be tested using various
confirmational assays such as gRT-PCR, western blot and immunofluorescence of common airway
cell markers, and functional assays such as transepithelial electrical resistance, dye flux and Ussing
chamber analysis.

In Chapter 2, | along with Koval lab members and Emory collaborators tested if a medium
composition with human physiologic glucose levels (150mg/dL) can support primary nasal,
tracheal and bronchial cell differentiation from healthy and cystic fibrosis donors. Most airway
cell culture mediums are derived from DMEM and other base mediums with glucose
concentrations ranging from 300- 450mg/dL, which supports the culture of most primary rodent
cells and immortalized cell lines from multiple species. These high glucose mediums can be
problematic because it is unclear how a hyperglycemic environment affects airway cell
differentiation and function, and metabolic studies will be difficult to perform. This new

physiologic glucose medium formulation is called Emory-ALI (E-ALI) medium, and it encouraged
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differentiation of basal cells into ciliated cells, mucus-producing cells, ionocytes and club cells.
Bronchial epithelial cells expanded and differentiated in E-ALI medium showed insulin-stimulated
glucose uptake and increased barrier function, which were both inhibited by high glucose
concentrations. This medium also supported primary CF nasal epithelia as demonstrated by
immunofluorescence of airway cell markers and electrophysiological analysis of ENaC and CFTR
currents. These data indicate that high glucose levels impact the airway cell barrier and further
highlight the need for physiological glucose levels when subjecting primary human airway cells
to metabolic analysis.

In Chapter 3, I, along with Koval lab members and collaborators from Emory and the
University of Georgia determine if chronic alcohol use in combination with SARs-CoV-2 infection
negatively impacts airway cell function. We differentiated bronchial brushings from patients with
alcohol use disorder (AUD) and non-alcohol users (non-AUD) in E-ALI media and infected with
SARs-CoV-2 for 72 hours. We found that the barrier function of AUD cells did not recover after
72 hours, while the barrier function of non-AUD cells recovered above baseline. SARs-CoV-2
infection of both AUD and non-AUD cells displayed a decrease in B catenin expression as
measured by fluorescence intensity. Both apical and basolateral media was collected at 6, 24, 48,
and 72 hpi and subjected to multiplex cytokine analysis. Multiplex analysis of cytokine secretion
by SARS-CoV-2 infected cells revealed that many pro-inflammatory cytokines, including IL-13
and IFNy, showed higher levels of secretion by AUD cells during the 72h period post-infection as
compared to non-AUD cells. Bulk RNA sequencing analysis revealed 117 upregulated
differentially expressed (DE) genes and 47 downregulated DE genes in AUD cells compared to
non-AUD cells. Of note, ACE2 and two TMPRESS isoforms were upregulated while GSTA1,

WNT3a and MUC5B were downregulated. GO enrichment analysis indicated that AUD cells
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adapted an inflammatory, epidermal profile with keratinocyte differentiation, epidermis
development and inflammatory response as top GO terms. Taken together our data suggests that
AUD may prime airway cells for a worse outcome in SARs-CoV-2 infection and further
establishes AUD as a risk factor for COVID-109.

In Chapter 4, | summarize my unpublished work on teasing apart ethanol’s effects on
bronchial cell barrier function. To do this, | utilized human airway cells, rat airway cells and an in
vitro system of ethanol exposure. | treated healthy human bronchial epithelial cells with 10mM,
60mM and 100mM ethanol and found that ethanol caused a decrease in transepithelial electrical
resistance (TER) during differentiation but has similar barrier function to untreated cells once
differentiation into a mucociliary monolayer was complete. Additionally, primary airway
epithelial cells isolated from healthy (non-AUD) and alcoholic (AUD) patients had a similar result
and most samples from chronic alcohol users remained migratory and in an “unjammed” state,
since areas of stretched cells and swirls of cells were present after differentiation. Rat tracheal cells
were more susceptible to in vitro ethanol exposure since barrier function was significantly lower
than untreated cells once differentiation was complete. The protein junctional adhesion molecule
A (JAM-A) regulates barrier function and epithelial cell migration and may play a role in causing
the sustained unjammed phenotype, although in vitro exposure did not decrease JAM-A
expression. | also discovered that unjamming may be an age-dependent phenotype, though further
analysis must be done to determine this.

My dissertation research features a body of work focused on utilizing a physiologically
improved in vitro model system to study the impacts of alcohol use disorder on airway cell
morphology, migration and function and its implications in COVID-19 disease progression. The

findings from this body of work suggest AUD negatively impacts airway cells at epigenetic, RNA
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and protein levels revealing widespread changes in cell profile and function. The implications and

future directions of this work are discussed in Chapter 5.
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2.1 Abstract

Primary cells isolated from the human respiratory tract are the state-of-the-art for in vitro
airway epithelial cell research. Airway cell isolates require media that support expansion of cells
in a basal state to maintain the capacity for differentiation as well as proper cellular function. By
contrast, airway cell differentiation at an air—liquid interface (ALI) requires a distinct medium
formulation that typically contains high levels of glucose. Here, we expanded and differentiated
human basal cells isolated from the nasal and conducting airway to a mature mucociliary epithelial
cell layer at ALI using a medium formulation containing normal resting glucose levels. Of note,
bronchial epithelial cells expanded and differentiated in normal resting glucose medium showed
insulin-stimulated glucose uptake which was inhibited by high glucose concentrations. Normal
glucose containing ALI also enabled differentiation of nasal and tracheal cells that showed
comparable electrophysiological profiles when assessed for cystic fibrosis transmembrane
conductance regulator (CFTR) function and that remained responsive for up to 7 weeks in culture.

These data demonstrate that normal glucose containing medium supports differentiation of primary
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nasal and lung epithelial cells at ALI, is well suited for metabolic studies, and avoids pitfalls

associated with exposure to high glucose.

2.2 Introduction

When isolated, human airway epithelial cells are a mixture reflecting their site of origin,
including the nasal, conducting and terminal airway (1,2). Nasal and conducting airways show
many similarities in morphology and cell type including non-ciliated, ciliated, secretory and
multipotent basal progenitor cells. A full complement of mature, location-appropriate and niche
appropriate cell types are required to accurately study the airway within a native physiological
context. Each cell type contributes to the overall physiology particular to their location in the
airway (3). Basal cells are largely responsible for the maintenance of a differentiated epithelium,
acting as the common airway progenitor cell (4). Ciliated cells move mucus unidirectionally out
of the airways (5). Goblet cells and cells originating from the epithelial lined ducts of submucosal
glands secrete heavily glycosylated, mucus-forming proteins (6,7). Solitary chemosensory cells
sense xenobiotics and other stimuli that induce calcium-mediated intercellular signaling to nearby
cells (8). Single cell RNAseq analysis has revealed heterogeneity among different cell types and
rare subpopulations, such as ionocytes that express high levels of CFTR (9,10,11). Each cell type
is influenced by environmental niche factors which contribute to collective cellular homeostasis
and disease dynamics in tissues (12,13).

Cultured human primary cells have proven to be a valuable model to study airway cell
differentiation and disease states including cystic fibrosis (14,15,16,17,18,19,20,21), asthma
(22,23), chronic obstructive pulmonary disease (COPD) (24) and COVID-19 (25,26,27). To mimic

the native cell environment, cell culture media contain key factors found in tissue fluids in vivo
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required to support proper cell differentiation (4,28,29). Culture media resembling human plasma
has supported the premise that nutrient sources in vitro can negatively impact cellular homeostasis
which influences assays widely used in research such as cell-based drug screens (30). Early
passage primary cells grown in traditional epithelial growth medium often do not fully differentiate
after expansion which limits their utility as a model to study native tissue physiology. This is even
more of a concern when considering human cell samples obtained from non-invasive epithelial
sampling techniques, such as nasal or conducting airway brushings, which are valuable for rare
disease research but limited by the absolute number of cells that are collected (17,31,32). Basal
cells derived from human induced pluripotent stem cells (iPSCs) represent another potential source
of differentiable cells (33). Methods to expand small samples into a large bank of cells with the
capacity to be well-differentiated allows better access to primary respiratory epithelial cells for
human disease research.

Expanding primary cells while maintaining their capacity to differentiate requires methods
that rely on chemical inhibition or stalling of differentiation while still enabling basal progenitor
cells to propagate. In addition to retaining multipotency in the expanding pool of basal progenitor
cells, expansion methods prolong the differentiation potential of the resulting expanded cells. The
cells are then able to undergo more population doublings than using traditional expansion methods,
while retaining their ability to differentiate into a properly differentiated cell layer in vitro.

Chief among these is the conditional reprogramming culture (CRC) method where primary
epithelial cells are co-cultured with irradiated (non-proliferating) fibroblasts in medium containing
the rho-associated protein kinase (ROCK) inhibitor Y-27632 (28,34,35). These conditions
preserve the basal cell phenotype, prevent differentiation and are fully reversible (36,37).

Epithelial cells expanded using CRC conditions retain their ability to differentiate for at least twice
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as long as compared to cells grown in traditional epithelial growth medium (36).

Another approach, the Dual SMAD inhibitor method, has also proven effective and
involves culturing basal cells in the presence of inhibitors that target TGF (usually SB431542)
and BMP4 signaling (dorsomorphin, LDN193189 or recombinant Noggin) (29,38,39). Note that
the CRC and Dual SMAD basal cell expansion methods are not completely equivalent. For
instance, recent evidence suggests that the CRC method better preserves some aspects of airway
cell differentiation potential including ciliation and CFTR channel function (40).

Traditional culture techniques rely on expansion media with formulations that are rich in
sugars, serum proteins, and supplements that exceed levels found in healthy human serum. This
results in medium that fosters cell viability but causes cell overgrowth due to an overreliance in
anerobic glycolytic energy metabolism over aerobic oxidative phosphorylation (41,42). Given
accumulating evidence that the metabolic microenvironment can have a significant impact on
airway epithelial cell function (14,18,20,43,44,45), it is important to consider medium composition
as a variable that can influence behavior of cells in vitro (46). Of note, several media commonly
used to support airway epithelial cell differentiation have high glucose concentrations, including
LHC Basal:DMEM-H 50:50 (47) and Pneumocult-ALI (48) both of which contain ~ 300 mg/dL
glucose.

Here we describe a method that can be used to propagate and differentiate basal cells from
the upper and conducting airways in medium containing normal resting glucose concentrations.
The ALI medium formulation described here supports the ability of airway cells to respond to
insulin by stimulating glucose uptake, suggesting that these cultures are well suited for use in

studying the impact of energy metabolism on airway cell function.
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2.3 Material and Methods

2.3.1 Donor consent

Research involving human research participants was performed in accordance with the
Declaration of Helsinki guidelines and samples were de-identified to meet HIPAA requirements.
Nasal curettage, tracheal, bronchial, and whole lung tissues were acquired through informed
consent via an Emory University IRB approved protocol (protocol #00005792) administered by
the Cystic Fibrosis Biospecimen Repository (CFBR). Additional lung tissues were obtained
through standardized UNOS consenting procedures for tissue donation for research in conjunction

with an IRB-approved waiver from Emory University.

2.3.2 Tracheal epithelial cell isolation

To prepare tracheal epithelial cells, intact human donor tracheal tissue was cut into
segments consisting of two to three cartilage rings starting at the carina of the main tracheal
bifurcation proceeding distally. The trachealis muscle was removed to simplify the isolation
procedure as the muscle tends to disintegrate during enzymatic digestion and increases co-
purifying tissue debris. All tracheal segments were placed into a 250 mL sterile plastic bottle and
washed in Hanks Balanced Salt Solution (HBSS; Sigma-Aldrich #55021C-1000ML) at least 5
times. Then, the convex outer side of the tracheal segments were cleaned using tweezers and a
scalpel to remove excess connective tissue and prevent accumulation of tissue debris.

Epithelial cells were removed from the underlying extracellular matrix by first incubating
at 4 °C for least 12-16 h under gentle agitation in 50-150 mL of Conducting Airway Protease
Solution (CAPS) consisting of Ham’s F-12 medium (Hyclone #SH30026.FS) supplemented with

1.0% wl/v Protease XIV (Sigma-Aldrich #P5147), 0.1% w/v DNAse | (Sigma-Aldrich #DN25),
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0.2% Primocin (Invivotech #amt-pm-1), and 0.1% Plasmocin treatment agent (Invivotech #ant-
mpt). To loosen and remove intact epithelial cell sheets from the concave inner side of the trachea,
the digestion solution containing the tracheal segments was lightly vortexed.

The cell solution was separated from the tissue segments by first decanting into a new
conical tube, then scraping the concave side with a scalpel to remove any remaining epithelia. The
tracheal segments were washed with HBSS and the solution collected into 50 mL centrifuge tubes.
All solutions containing cells were centrifuged at 350 x g for 10 min at RT, resuspended in a total
of 20mL normal glucose DMEM (Sigma-Aldrich # D6046 or Hyclone #SH30021.FS),
centrifuged again at 350 x g for 10 min at RT, then resuspended in calcium/magnesium-free PBS
supplemented with 1 mM EDTA (PBS/EDTA). Cells in solution were triturated to break apart cell
clumps, passed through a 100-micron filter (Corning #352360), followed by a 70-micron filter
(Corning #431751). The resulting PO cells were then either cryopreserved at 1 million cells/mL,

cultured for differentiation, or cultured for expansion.

2.3.3 Bronchial epithelial cell isolation

Intact human donor bronchial tissue caudal from the tracheal bifurcation to airways 10 mm
in diameter were used to isolate pure bronchial epithelial cells. These tissue segments were
generally lined with soft cartilage rings. Bronchial tissue segments were isolated from whole lungs
or lobes of intact lungs by carefully removing the surrounding terminal airway tissue working from
the tracheal bifurcation towards the caudal end of the bronchi. Isolated bronchial tissue segments
were washed at least 5 times in HBSS to remove any accumulated mucus and to loosen any
remaining connective tissue. Airways beyond bronchi generally include bronchioles that are not

heavily collagenous and are smaller than 3 mm in diameter. These airways take time and effort
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when isolating to avoid cross contamination with pulmonary arteries and smaller vessels. For
bronchi, tissue segments were cleaned of connective tissue, cut longitudinally to expose the
epithelium, and then processed to isolate PO cells as described for tracheal cell isolation. As
needed, terminal airway lobe tissue was set aside in normal glucose DMEM for primary fibroblast

isolation by established methods (58).

2.3.4 3T3 Fibroblast feeder cell preparation

Fibroblast feeder layers required for expansion of primary human basal airway epithelial
cells were prepared using the 3T3-J2 fibroblast cell line (ATCC #SCRC-1010) (4,36,59,60). 3T3
cells were expanded in DMEM containing high glucose (450 mg/dL) (Sigma-Aldrich #D6429 or
Hyclone #SH30243.01) supplemented with 10% FBS (ThermoFisher #26170043),
0.2% Primocin (Invivotech #amt-pm-1) and 0.1% Plasmocin prophylactic agent (Invivotech #ant-
mpp) to obtain ten 150 mm culture dishes at 80% confluence. For irradiation, ten 150 mm culture
dishes of 3T3 cells were trypsinized, centrifuged at 500 x g, resuspended in 30 mL 3T3 expansion
culture medium and x-ray irradiated with a dose of 3000 cGy. The irradiated cells were collected
by centrifugation and resuspended in 30 mL 3T3 cell freezing medium consisting of 90% FBS and
10% DMSO (Sigma-Aldrich #D2438) (3 ml freezing medium/150 mm dish of 3T3 cells) and
stored in liquid nitrogen. When human feeder cells were needed, MRC-5 cells (ATCC #CCL-171)

were expanded, irradiated, stored and used in a comparable manner.

2.3.5 Airway epithelial cell expansion

One day prior to seeding plates with primary epithelial cells, irradiated 3T3 fibroblast

feeder layers were plated on plasticware coated with Type 1V Collagen (Sigma-Aldrich
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#C7521) in F+Y Reprogramming Medium (FYRM). FYRM consists of a mixture of DMEM
1.0 g/L glucose w/L-glutamine and w/ sodium pyruvate (Corning 10-014-CV)+ Ham’s F-12
medium (Cytiva #SH30026.01; 1.8 g/L glucose) supplemented with 5% FBS, Insulin (5 pg/mL),
Epidermal Growth Factor (10 ng/mL), Hydrocortisone (480 ng/mL), Adenine (24 pg/mL), Y-
27632 (10 uM), Cholera Toxin (8.33 ng/mL), and antibiotics (Table 1), which was stored in foil-
wrapped glass bottles in the dark at 4 °C for up to four weeks. One vial of 3T3 feeder cells was
used for one T75 flask, three T25 flasks, or divided evenly in a 6-well tissue culture dish. Epithelial
cell plating density is a key parameter in cell expansion; epithelial cells should be seeded at
1.3 x 10° cells/well of a 6 well plate, 3.3 x 10° cells/T25 flask, or 10° cells/T75 flask. FYRM is
changed every other day until the cells reach ~ 70% confluence. To remove epithelial cells cultured
on 3T3 feeder layers, the 3T3 cells were first detached by washing with PBS/EDTA followed by
a 5min incubation in EDTA/PBS at RT, then light tapping. Rosettes of epithelial cells were
detached using Accutase (Sigma-Aldrich #A6964) at room temperature for a maximum of 10 min
and then reseeded for further expansion (one well to a T25 flask, one T25 to one T75 flask, or one

T75 to three T75 flasks), plated for differentiation, or cryopreserved.

2.3.6 Airway epithelial cell differentiation

E-ALI is based on a 50:50 mixture of DMEM containing 100 mg/dL glucose, w/o L-
glutamine and w/sodium pyruvate (Sigma-Aldrich #D5546) and LHC Basal Medium
(ThermoFisher #12,677-019) containing the additives summarized in Table 2. This recipe results
in medium containing a final glucose concentration of 150 mg/dL. In each case, stock solutions
are added to the medium prior to filtering (typically 1 ml of 1000 x stock/LL medium). Most

biologics were dissolved and aliquoted according to manufacturer’s instructions as 1000 x stock
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solutions stored frozen at -80 °C. Individual 1000 x stock solutions included 1000 x CaCl2:2H20
(LM in H20), 1000 x ZnSO4-7H20 (2mM in H20), 1000 x Fe/Mg (1.51 mM FeSOa-7H:0,
300 mM MgCl2-6H20, 195 mM MgSOa4-7H20, 60 MM HCI in H20). To make the 1000 x trace
element stocks, first 1,000,000 x stocks were made in H20 for each component individually:
Naz2SeOs (30 mM); MnClz2:4H20 (1 mM); NazSiO3-9H20 (500 mM); (NH4)6M07024-4H20 1 mM,;
NH4VOs3 (5 mM); NiSO4:6H20 (1 mM) and SnCl2:2H20 (0.5 mM). These individual stocks were
diluted 1:1000 in H20 and HCI was added to 12 uM to produce the 1000 X trace elements stock.
For anti-infectives, 1000 x stocks were made as follows, A: 154 mg Ceftazidime was added to
2 mL Gentamycin sulfate solution. B: 50 mg Cilistatin/Imipenem was added to 2 mL H20. C:
88 mg Piperacillin and 12 mg Tazobactam were added to 2 mL DMSO. D: 100 mg Azithromycin
and 10 mg Voriconazole were added to 2 mL DMSO. E-ALl is stored in foil-wrapped glass bottles
in the dark at 4 °C for up to four weeks. Given the light sensitivity of E-ALI, medium changes are
done in a biological safety cabinet with the fluorescent light turned off.

To produce differentiated cultures, PO or expanded epithelial cells were resuspended in
20 mL E-ALI medium and counted. Cells were plated into 0.50 mL of E-ALI onto Type IV
collagen coated Transwells at a density of 10°cells/6.5 mm well (Costar #3470) or
3.5 x10°/12 mm well (Costar #3460), with the bottom chamber containing 0.75 ml E-ALI. After
48 h, the basolateral medium was replaced with fresh E-ALI and the apical medium was removed
to bring the cells to ALI. Once at ALI, medium was changed every 2—-3 days, where the apical
surface was washed once with E-ALI that was immediately removed and the basolateral medium
was replaced. Benchmarks for differentiation included formation of a high resistance monolayer
(>500 Ohm x c¢m?) and initiation of cilia growth (day 7). Monolayers were usually fully

differentiated 14-21 days after transition to ALI.
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For some experiments, 2% Ultroser G medium containing normal resting glucose was
made using 50:50 mixture of DMEM containing 100 mg/dL glucose, w/o L-glutamine and w/
sodium pyruvate (Sigma-Aldrich #D5546) and Ham’s F-12 medium (Hyclone #SH30026.FS;

180 mg/dL glucose).

2.3.7 Cell stock cryopreservation and use

Epithelial cells were cryopreserved by diluting them into epithelial cell freezing medium
(60% FYRM, 30% FBS, and 10% DMSO) at 1 million cells/mL using a Corning CoolCell
according to the manufacturer’s directions. Frozen cell stocks were then transferred to liquid
nitrogen for long-term storage. For cell thawing, each frozen vial was separately removed and
immediately placed in a 37 °C water bath then left undisturbed until a small sliver of ice remained
in the vial. The vials were then removed from the water bath, cleaned with 70% ethanol solution,
and transferred to a biosafety cabinet for handling. Each vial was plated into either a single well
of a 6-well dish or a T25, either of which was coated with Type IV collagen and containing 3T3

feeder cells, fully supplemented with room-temperature FYRM, avoiding centrifugation.

2.3.8 nasal epithelial cell isolation and expansion

Twenty-four hours prior to nasal cell collection, irradiated 3T3 fibroblast feeder cells were
plated into 6-well cell culture dishes in Collection Medium consisting of DMEM containing
100 mg/dL glucose, w/o L-glutamine and w/ sodium pyruvate (Sigma-Aldrich #D5546)
supplemented with 10% FBS (R&D Systems #S11150), 0.2% Primocin, and
0.1% Plasmocin treatment agent (Invivotech #ant-mpt), stored at 4 °C for up to two weeks. Nasal

cell curettage was performed by a trained otorhinolaryngologist. A curettage was used to gently
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scrape each inferior nasal turbinate on both sides of the nose. Two separate scrapings were
performed for each nostril to increase the number of isolated epithelial cells. Each curettage was
placed into a 15 mL conical tube containing 3 mL Collection Medium. Nasal scrapes were then
transported on ice for processing. The cells were dislodged from the curette by brief vortex. Nasal
curettage samples from a single donor were then combined, centrifuged at 350 g for 5 min at RT,
resuspended in PBS/EDTA, dissociated for 5 min at RT prior to straining through a 100 uM filter
mesh and then centrifuged at 350 g for 10 min at RT. The dissociated cells were then resuspended
in FYRM and placed onto irradiated 3T3 feeder cells at a density of one combined donor sample
per well of a six-well culture plate that was precoated with Type 1V collagen. After the initial two
days of culture, the medium was changed with fresh FYRM daily until 60% confluence was
reached. The cells were isolated as described above and then re-seeded in a T25 tissue culture flask
containing irradiated 3T3 feeder cells in FYRM. At each passage, a portion of the cells were frozen
in epithelial cell freezing medium (60% FYRM, 30% FBS, 10% DMSO) as illustrated in Fig. 5.

Nasal epithelial cell differentiation was done using E-ALI as described above.

2.3.9 Immunofluorescence and imaging

Antibodies used for immunofluorescence included: mouse monoclonal antibody (mAb)
anti-acetylated tubulin at 1:100 (Sigma-Aldrich clone 6-11-B1; #T7451); mouse monoclonal
antibody anti-Mucin 5AC at 1:500 (Abcam clone 2-11M1; #ab24071); rabbit polyclonal antibody
anti-ZO-1 at 1:250 (ThermoFisher; #40-2300); mouse anti ZO-1 at 1:100 (ThermoFisher #33-
9100), rabbit monoclonal antibody anti-Cytokeratin 5 at 1:250 (Abcam clone EP1601Y;
#ab52635); rat monoclonal anti-Uteroglobin/SCGB1A1 at 1:50 (R&D Systems; MAB4218) and

mouse monoclonal anti-FOXI1 clone OTI1D4 at 1:100 (Origene; TA800144). Cells were fixed in
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4% paraformaldehyde in Dulbecco’s PBS containing Ca?* Mg?* (DPBS) for 10 min at RT, washed
three times with DPBS, incubated with 1:1 MeOH:acetone for 2 min at RT, washed three times
with DPBS, washed once with DPBS containing 0.5% Triton-X 100, blocked with DPBS
supplemented with 2% (wt/vol) BSA and 5% (wt/vol) goat serum for 1 h at RT, and then incubated
with primary cell phenotype marker antibodies overnight in DPBS containing 2% BSA and 5%
goat serum at 4 °C with mixing. The next day, cells were incubated with primary ZO1 antibody
for 1 h at RT. Fluorescent secondary antibodies used were Cy2 Goat anti-mouse AffiniPure 1gG
(1:500; Jackson Immuno #115-165-166), Cy3 goat anti-rabbit AffiniPure 1gG (1:500; Jackson
Immuno #111-225-144), AlexaFluor568 goat anti-mouse 1gG (1:1500; Invitrogen A-11031),
AlexaFluor488 goat anti-rabbit 1IgG (1:1500; Invitrogen A-11034), or AlexaFluor488 donkey anti-
rat 1IgG (1:500; Jackson Immuno #712-545-150). Secondary antibodies were diluted in DPBS
supplemented with 2% BSA and 5% goat serum and incubated with cells for 1 h at RT. Cells were
mounted in ProLong Gold Antifade Reagent with DAPI (Invitrogen; #P36931). Images were
collected using a Zeiss F\V1000 confocal microscope in the Emory University Integrated Cellular

Imaging Microscopy Core.

2.3.10 Transepithelial resistance and electrophysiology

To measure confluence and tight junction formation, transepithelial resistance (TER) was
measured using an EVOM voltmeter, as previously described [61]. CFTR currents of cells on
Transwells in physiologic Krebs-Ringers HEPES (KRH) buffer (1 g/l D-glucose, 50 mM HEPES,
137 mM NaCl, 4.7 mM KCI, 1.85 mM CaClz, and 1.3 mM MgSOg at pH 7.4) were measured as
previously described [61] with an Ussing chamber system (VCC MC-8 Multichannel

Voltage/Current Clamp controller and analyzed using Acquire & Analyze software (Physiological
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Instruments)). lon channel inhibitors and activators used for Ussing chamber analysis included
amiloride (100 uM), forskolin (5 uM), 3-isobutyl-1-methylxanthine (IBMX; 100 uM), Vx-770

(5 pM), Vx-809 (3 uM), and CFTR inh172 (10 uM) and curcumin (40 puM).

2.3.11 Insulin stimulation and glucose uptake

Medium glucose was measured using a colorimetric glucose quantification kit (Cayman
Chemical; #10009582) and medium insulin was measured using by ELISA (Alpco Diagnostics;
#80-INSHU-CHO1). Uptake of 2-deoxy-D-[*H] glucose was measured as previously described
[20], with modifications. In brief, cells on Transwell permeable supports were washed with KRH
and then incubated for 90 min at 37 °C in KRH. The cells were washed and incubated for 30 min
at 37°C with apically added KRH containing 0.5 pCi 2-deoxy-D-[*H]glucose (NEN
Radiochemicals, PerkinElmer #NET328250UC) and 2-deoxy-D-glucose (Sigma-Aldrich
#D6134) adjusted to 5.6 mM total final concentration in either the presence or absence of 500 nM
(2.9 pg/ml) recombinant human insulin with zinc (Gibco #12585014). The cells were washed with
cold KRH, Transwell filters were removed and placed in a scintillation vial containing 200 pL
0.1 M NaOH to lyse the cells. Scintillation fluid was added and the samples were measured for H

using a Beckman-Coulter LS6500 scintillation counter.

2.3.12 Statistics
All statistics were calculated using GraphPad Prism v6 for Windows with methods indicated in
each figure legend. Cell doubling rate was calculated as (log(total cells)-log(number seeded

cells)/log(2))/(time in culture).
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2.4 Results and Discussion

2.4.1 Isolation and differentiation of airway epithelial cells

Figure 1 illustrates the workflow of tissue harvest, primary cell isolation, basal cell
selection and propagation and differentiation to produce airway cell models to study in vitro. The
overall health of the donor tissue directly affects the quality of the resulting isolated cell culture.
In our experience, the number of viable epithelial cells able to be isolated is mainly affected by the
condition of the tissue when received and the time since resection. Culture of airway epithelial
cells consists of two phases: 1) propagation of basal epithelial cells followed by 2) preparation of
differentiated cultures using an air-liquid interface (ALI).

Initially, PO cells were cultured using the CRC method which is submersion culture in
medium based on a mixture of DMEM and F12, resulting in normal resting glucose levels
(150 mg/dL; 8.3 mM), and including biologic co-factors, the ROCK inhibitor Y-27638 and
cholera toxin (FYRM; Table 1). The cells are seeded on collagen coated dishes and co-cultured
with 3T3 fibroblasts that were irradiated to inhibit their propagation (Fig. 2A). When ~40% or
more PO cells attached to collagen coated dishes seeded with irradiated 3T3 cells, this was an
indication that tissue processing was successful. Generally, cells exhibited a 5-day lag period
before beginning to proliferate (Fig. 2B). Following the lag period, growth rates of cells isolated
from anatomically different areas of the airway were similar (Fig. 2B) with a population doubling
rate of roughly one per day (Fig. 2C).

Once the cells were isolated and propagated, frozen cell stocks were made at each passage
creating a bank of cells with consistent properties that can be used for experimentation (Fig. 2A).
Generally, we avoid cryobanking after P3 to ensure that the basal cells maintain their capacity to

differentiate. For freshly isolated PO cells, freeze densities of two million cells per vial allow for
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at least 500,000 cells per thaw to attach. For P1-P3, freeze densities of one million cells per vial
are recommended to facilitate rapid growth from banked vials.

Culture of airway basal cells at ALI is a well-established method to promote their
differentiation, however most media used for this purpose contain high glucose concentrations
(~300 mg/dL; 16.7 mM) (47,48), which reflects a hyperglycemic state (14,44). Given this, we
developed a modified ALI medium, E-ALI, based on a widely used medium formulation (47). As
shown in Table 2, E-ALI contains normal resting glucose levels (150 mg/dL; 8.3 mM). Otherwise,
E-ALI is comparable to other ALI medium formulations (47,48), except that it has less insulin
(5 pg/ml) and is enriched for the following components: CaClz (1 mM), heparin (2 pug/ml), L-
glutamine (2.5 mM), hydrocortisone 960 mg/ml, O-phosphorylethanolamine (0.5 pg/ml), bovine
pituitary extract (20 pg/ml) and Mg?* (0.5 uM).

We validated the ability of E-ALI to support the growth and differentiation of freshly
isolated PO normal human tracheal epithelial cells (NhTE cells) plated on collagen-coated
Transwell permeable supports as assessed by immunofluorescence microscopy using KRT5 as a
marker for basal cells (Fig. 2D-E), acetylated-tubulin as a marker for ciliated epithelia (Fig. 2D),
and Muc5AC as a marker for mucus producing cells (Fig. 2E). Cultures routinely contained all
three different cell types, indicating that they were well differentiated.

Comparable results were obtained using normal human bronchial epithelial cells (NhBE
cells), which are delineated by apical junctions as marked by the tight junction protein ZO-1
(Fig. 3A-F) and also show ciliated cells (Fig. 3A,C), mucus producing cells (Fig. 3B,D), ionocytes
(Fig. 3E) and club cells (Fig. 3F). After 14 days of culture in E-ALI, NhBE monolayers had
significantly more ciliated cells than NhTE monolayers (32.7 + 8.9%, n =3 replicates, 14 fields;

23.2+9.0%, n = 3 replicates, 18 fields) (Fig. 3G). The number of basal cells were comparable for
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NhBE and NhTE monolayers (38.8 + 7.2%, n =2 replicates, 7 fields; 41.9 = 5.4%, n = 2 replicates,
8 fields). Muc5AC positive cells were also comparable for NhBE and NhTE monolayers
(3.9 £1.9%, n=3 replicates, 18 fields; 5.3 +2.9%, n =3 replicates, 14 fields). NhBE monolayers
also contained low levels of club cells (2.0+1.1%, n=2 replicates, 12 fields) and ionocytes
(0.1 £0.1%, n=2 replicates, 13 fields). Altogether, we accounted for 77.5+ 11.7% of the total
cells in NhBE monolayers grown using E-ALI. Other cell types likely to be present include
suprabasal cells which express KRT4, KRT8 and KRT13 [49,50], however, suprabasal and other
cell populations defined by multiple markers are difficult to detect strictly by immunofluorescence
profiling.

Consistent with formation of tight junctions, NhBE and NhTE cells cultured in E-ALI
showed high transepithelial resistance (TER) (Fig. 3H), where the barrier formed by NhTE cells
after 14 days in E-ALI was slightly, but significantly tighter than NhBE cells (~ 1340 vs ~ 1160
Ohm x cm?). Taken together, these data indicate that the E-ALI formulation containing normal
resting glucose supported airway epithelial cell function as determined by apical junction assembly

and differentiation of tracheal and bronchial epithelial cells.

2.4.2 Cells cultured in E-ALI medium show insulin-stimulated glucose uptake

To measure the effect of extracellular glucose and medium composition on insulin and
glucose clearance, we examined NhBE cells cultured in either E-ALI or 2% Ultroser G containing
normal (150 mg/dL) or high (300 mg/dL) glucose (Fig. 4). It is worth noting that E-ALI containing
300 mg/dL glucose is comparable to the glucose content of LHC Basal:DMEM-H 50:50 (47) and
Pneumocult-ALLI (48). Insulin clearance was not sensitive to medium formulation, where all of the

cell culture models tested cleared the majority of insulin within the first 24 h after feeding, causing
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it to plateau at a low level (~ 0.4 pg/mL; Fig. 4A).

Medium glucose content showed a fast decline within the first 24 h where each culture
grown used approximately 50% of the available glucose (Fig.4B). Glucose clearance was
significantly more rapid for cells in high glucose E-ALI as compared with cells in high glucose
2% Ultroser G medium. After 72 h, nearly 125 mg/dL glucose remained in cultures fed with high
glucose media, consistent with saturation of uptake. By contrast, cells in normal resting glucose
cleared nearly all glucose from the medium after 72 h.

We then determined the impact of medium formulation and glucose content on insulin
stimulated glucose uptake, as measured using [*H]-2-deoxy-glucose. Since E-ALI used to culture
airway cells contains insulin (5 pg/ml; 0.87 uM), cells were first pre-incubated for 90 min with
insulin-free KRH prior to challenge with [®H]-2-deoxy-glucose in the presence or absence of
500 nM (2.9 pg/ml) recombinant human insulin. Of all the conditions tested, only E-ALI medium
containing normal resting glucose showed a significant, two-fold increase in glucose uptake in
response to added insulin (Fig. 4C). By contrast, cells cultured E-ALI containing high glucose
showed elevated glucose uptake that was insulin insensitive and significantly higher than the levels
of glucose uptake by cells in E-ALI at normal resting glucose in the absence of insulin. This was
not due to an effect of high glucose on insulin signaling, since cells cultured in E-ALI showed an
increase in transepithelial resistance (TER) in response to insulin, regardless of glucose
concentration and consistent with our previous results (20).

Airway cells express multiple glucose transporters, including the insulin regulated Glut4
transporter (20). Our data suggest that cells chronically cultured in the presence of high glucose
are likely to upregulate constitutive glucose transporters, which would overshadow the impact of

insulin stimulated activation of Glut4 mediated by trafficking from secretory vesicles to the plasma
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membrane (20,44). Regardless of mechanism, it is important to note that the glucose
concentrations used here represent two extremes as opposed to the physiological glucose levels
cells will be exposed to in vivo which significantly vary in response to meals and systemic insulin
levels (51). Our data suggest that a culture system based on exposing cells to E-ALI containing
varying levels of glucose could provide the basis for an in vitro model that mimics in vivo
exposure.

Moreover, cells cultured in 2% Ultroser G did not show insulin stimulated glucose uptake
or changes in TER (Fig. 4C,D). Considering that constitutive insulin uptake was comparable for
cells cultured in E-ALI and 2% Ultroser G, the differences in insulin stimulated glucose uptake
and barrier function were not likely to be due to a difference in insulin binding capacity. Instead,
the results in Fig. 4C,D and more likely reflect a difference in the capacity for glucose uptake
(Fig. 4B) and/or signaling downstream from insulin receptors. For instance, we have observed that
the ability of insulin to promote barrier function requires akt signaling, a pathway that is active in
primary human airway cells (20). Taken together, these results underscore the importance of
medium formulation, especially in studies of airway cell metabolism, and are consistent with the
deleterious effects of hyperglycemia on the airway epithelium (14,44,52) as well as cell

homeostasis in general (53).

2.4.3 Expansion and maturation of CF nasal epithelial cells using E-ALI

Nasal cells have proven to be a useful model system that reflects several characteristics of
the conducting airway (16,54). Unlike primary tracheal and bronchial cells, primary human nasal
epithelial (hNE) cells often originate from small samples that require expansion on an appreciable

scale for subsequent analysis. We thus evaluated the ability of E-ALI to support differentiation of
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hNE cells including CFhNE cells harboring both rare and common disease-causing CFTR alleles,
as well as cells from non-CF subjects (NhNE cells). Nasal cell isolates (Fig. 5A) initially were
expanded using CRC conditions (Fig. 5B) and then differentiated using the protocol illustrated in
Fig. 2A. Regardless of genotype, hNE cells showed comparable doubling rates of ~0.7-0.9 per
day during CRC expansion (Fig. 5C). Ciliated cells were readily detected 21 days after initiating
culture in E-ALI by scanning EM (Fig. 5D,E) and by confocal immunofluorescence microscopy
(Fig. 5F-H). Taken together these data show that expansion of nasal epithelial cells using the CRC
method effectively supported their ability to differentiate in E-ALI.

We further characterized the cell electrophysiology of PO NhTE cells maintained in E-ALI
medium. After 16 weeks at ALI (Fig. 6A) NhTE cells demonstrated measurable ENaC and CFTR
currents based on amiloride inhibition and forskolin stimulation, respectively. CFTR currents were
also modestly enhanced by Vx-770 (ivacaftor) and curcumin and were inhibited by Inh-172. NnTE
cells from the same culture preparation extended to 21 weeks ALl had a comparable
electrophysiological profile (Fig. 6B). Primary NhNE cells expanded with the CRC method, then
differentiated with E-ALI for either 2 weeks (Fig. 6C) or 7 weeks (Fig. 6D) also showed ENaC
and CFTR currents with electrophysiological characteristics comparable to those of NhTE cells.
These data demonstrate the utility of E-ALI in supporting long-term cultures that maintained ion
channel function.

We then examined primary CFhNE cells with a G551D/F508del genotype that were
isolated, expanded, and differentiated in E-ALI. Differentiated G551D/F508del CFhNE cells
produced mature cells capable of eliciting small, but detectable, CFTR currents when treated with
forskolin that were modestly enhanced with Vx-770 and Vx-809 (lumacaftor) and inhibited with

Inh-172 (Figs. 7A-B) (55,56). Similarly, CFhNE cells with a W1282X/F508del genotype
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exhibited a small CFTR current in response to forskolin and Vx-770 and were also responsive to
curcumin which has shown efficacy in CFTR mutants encoding a premature stop codon (Figs. 7C-
D) (57). Therefore, E-ALI medium is compatible with CRC expansion and subsequent studying
of primary nasal epithelial cells.

Taken together, these data validate E-ALI as a method to differentiate human airway
epithelial cells in medium containing normal resting glucose levels. We also confirmed that
expanded nasal epithelial cell isolates have preserved their ability to differentiate and express
functional CFTR. E-ALI medium provides a new method amenable to investigation of nasal,
tracheal, and bronchial airway epithelia for a variety of applications including ciliation and
developmental studies, host pathogen interactions, and drug screening. The ability to differentiate
cells in normal resting glucose is expected to facilitate the analysis of airway cell functions that

are particularly sensitive to cell metabolism.
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Tracheal Bronchial PO Collection

Selection/Expansion

Figure 2.1 Workflow for isolation of cells from distinct anatomic regions of the airway tree.
(A) Examples of healthy tracheal and bronchial tissue isolates are shown based on donor tissue
color, shape, and rigidity as markers for tissue health. (B) Freshly isolated primary (passage 0; P0)
cells isolated from nasal or lung tissue contain a mixture of cells, including ciliated (inset) and
non-ciliated cells. Bars, 20 um (left) and 10 um (right). (C) Basal nasal or airway epithelial cells
are selected and expanded using CRC conditions, as imaged by phase contrast microscopy. Bar,

10 um. (D) Basal airway or nasal cells cultured in E-ALI containing normal glucose properly
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differentiate as determined by immunofluorescence confocal microscopy using markers for mucus
secretion (Muc5AC, red), basal cells (KRT5, green), nuclei (blue, DAPI) and by scanning electron

microscopy. Bars, 20 um (top and middle) and 10 um (bottom).
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Figure 2.2 Airway epithelial cells from different tissue sources propagate with similar
doubling times.
(A) Timeline for processing of cells isolated from lung tissue samples showing frozen cell banking
(F), plating for differentiation on Transwell permeable supports (T) or plating for expansion under
CRC conditions. Cells from PO through P3 are banked. Cells beyond P4 are not typically used to

generate differentiated cultures for experimental analysis. Detail related to culture on Transwells
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(T) is shown below, indicating the shift from submerged to air—liquid interface (ALI). Cells are
cultured at least 14 days at ALI prior to use in experiments. (B) Representative NhNNE, NhTE, and
NhBE displayed a lag phase of growth between Day 0 and Day 5 in CRC conditions before
replicating at a linear rate. (C) Regardless of anatomical origin or the initial lag phase, airway
epithelial cells showed comparable doubling rates under CRC conditions. n=2 — 3 wells from
n=2 (NhTE, NhBE) or 4 (NhNE) biological replicates plotted as mean+SD. (D, E)
Immunofluorescence analysis of differentiated tracheal epithelial cells (NhTE) at Day 14 in E-
AL Ciliated cells were identified by immunostaining for acetylated tubulin (Ac-Tubulin, red) and
basal cells by cytokeratin 5 (KRT5, green). Nuclei were labeled with DAPI (blue). (D). Mucus

producing cells were identified by Muc5AC expression (red) (E). Bar, 20 pum.
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Figure 2.3 Tracheal and bronchial epithelial cells differentiate into mucociliary cultures in
E-ALI medium.
(A—-F) The E-ALI formulation enabled formation of well-differentiated cultured bronchial
epithelial cell (NhBE) monolayers in vitro as observed by the presence of tight junctions (green,
zonula occludins-1, Z0O-1). Cell differentiation was demonstrated by immunofluorescence
microscopy measuring acetylated tubulin (red, Ac-Tubulin; A, C), mucin (red, Muc5AC; B, D),
an ionocyte marker (red, FoxI1; E) and a club cell marker (red, Scgblal; F). Nuclei were labeled
with DAPI (blue). Bar, 20 um. (G) Quantitation of NhTE and NhBE phenotype in cells cultured
for 14 days in E-ALI Data are from n=2 — 9 fields from n=2 (KRTS5, FoxI1, Scgbla) or 3
(Muc5AC, AcTub) biological replicates. ***P <0.0001 by one-way ANOVA. (H) Transepithelial
electrical resistance (TER) of NhTE cells was slightly higher than NhBE cells n=3—21 wells

from 4 biological replicates; *P =0.042, by t test.
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Figure 2.4 Glucose and insulin sensitivity depends on differentiation medium.
(A) Insulin consumption was comparable in all media tested. n=4 samples, one biological
replicate per condition. (B) Glucose consumption of differentiated, expanded PO airway epithelial
cells of mixed tracheal/bronchial origin. Red triangles and squares indicate cells cultured in E-ALI
medium and blue triangles and squares indicate cells cultured in 2% Ultroser G (2% UG) medium.
High glucose =300 mg/dL glucose in the base media (triangles); Normal resting glucose
=150 mg/dL glucose in the base media (squares). Glucose consumption was significantly higher
for cells in high glucose E-ALI as compared with cells in high glucose 2% UG (n =4 samples, one
biological replicate; ****P <0.0001; **P =0.0085; *P =0.014, by two way ANOVA). (C) Cells
differentiated using E-ALI medium containing normal resting glucose elicited a significant

increase in insulin stimulated [3H]-2-D-glucose uptake. n=3-6 samples from n= 1 (E-ALI high
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glucose, 2% UG normal glucose), 3 (2% UG High glucose) or 4 (E-ALI normal glucose) biological
replicates; ***P =0.0001; ****P <0.0001, by one-way ANOVA. (D) Cells cultured in E-ALI
showed significant increases in relative transepithelial resistance (TER) in response to insulin
regardless of glucose content, cells cultured in 2% UG did not. n=4—11 samples from n=3 (E-
ALI normal glucose) or 2 (all others) biological replicates; *P=0.015, ****P <(0.0001 by one-

way ANOVA. All data is plotted as mean + SD.
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Figure 2.5 Expansion and differentiation of non-CF and CF nasal epithelial cells.

(A) Ciliated cells (black arrows) are observed in freshly isolated CF nasal cultures by phase
contrast microscopy. Bar, 20 um. (B) Timeline for processing of nasal curettage samples showing
frozen cell banking (F), plating for differentiation on Transwell permeable supports (T) or plating
for expansion in FYRM submerged culture. Due to the small initial sample size, cells were not

banked or plated for differentiation until P4. Cells beyond P7 are not typically used to generate
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differentiated cultures for experimental analysis. Detail related to culture on Transwells (T) is
shown in Fig. 2. (C) Non-CF and CF nasal epithelial cells with 3 different genotypes had a
comparable doubling time when cultured in CRC conditions. n= 3 — 6 wells for CF cells; doubling
data for NnNE cells is from Fig. 2. (D, E) Cilia and mucus producing CF nasal epithelial cells as
observed by scanning electron microscopy at 500x (D) and 2000x (E) magnification. (F—H)
Immunofluorescence confocal microscopy of CF nasal airway cells showed tight junctions (green,

Z0-1) and cilia (red, Ac-Tubulin). Nuclei were labeled with DAPI (blue). Bar, 20 um (F, H).
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Figure 2.6 Representative electrophysiological analysis of primary tracheal and nasal

airway epithelia expanded using CRC conditions and differentiated in E-ALI.

(A, B) PONhTEC cultured in E-ALI for 16 weeks (A) or 21 weeks (B) show comparable response

profiles to the ENaC inhibitor amiloride and agents that stimulate or inhibit CFTR currents. (C, D)

NhNE cells that were expanded using CRC conditions to P4 and then differentiated with E-ALI

for 2 weeks (C) or 7 weeks (D), also exhibited comparable ENaC and CFTR current profiles. FSK,

Forskolin; Vx-770, lvacaftor; CFTRinh172, CFTR channel inhibitor.
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Figure 2.7 Representative electrophysiological analysis of primary nasal CF airway
epithelia expanded using CRC conditions and differentiated in E-ALI.

(A, B) CFhNE cells with the G551D/F508del genotype were expanded using CRC conditions to
P4 and differentiated in E-ALI for 14 days. Shown are two representative traces demonstrating
low levels of CFTR currents and modest responses to Vx-770 and Vx-809. (C, D) CFhNE cells
with the W1282X/F508del genotype were expanded and differentiated as described above.
Shown are two representative traces demonstrating low levels of CFTR currents and responses to
Vx-770 and curcumin. FSK, Forskolin; inh172, CFTR channel inhibitor; VVx-770, Ivacaftor; Vx-

809, Lumacaftor.
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R 2)1‘\1415x ;)f)r l%g;tgucose (w/L-glutamine and w/ 225 mL Corning 10-014-CV
Ham’s F12 725mL Cytiva SH30026.01
Fetal Bovine Serum 50 mL R&D Systems S11150
Insulin 5 ug/mL Gemini Bio 800-112P
Biologics Epidermal Growth Factor 10 ng/mL StemCell Tech 78006.2
Hydrocortisone 480 ng/mL StemCell Tech 74142
Adenine 24 ug/mL Sigma-Aldrich A2786
Y-27632 10 uM Tocris 1254
Agents
Cholera Toxin 8.33 ng/mL Sigma-Aldrich C8052
Primocin 0.2% (2 mL) Invivogen ant-pm-1
Anti - infectives | Plasmocin 0.1% (1 mL) Invivogen ant-mpp
Vorconazole 200 ng/mL Selleck Chemicals | S1442

Table 2.1 FYRM medium composition.
This formulation produces medium containing 150 mg/dL glucose as measured using a

colorimetric assay. For details related to medium preparation, see Methods.
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s i DMEM 1.0 g/L glucose (w/o L-glutamine and w/sodium pyruvate) 50% (500 mL) Sigma-Aldrich D5546
LHC Basal Medium 50% (500 mL) ThermoFisher 12677019
L-glutamine 2.5mM (12.5 mL) Corning 25-005-CV
Insulin 5 pug/mL Gemini Bio 800-112P
Epidermal Growth Factor 0.5 ng/mL StemCell Tech 78006.2
Hydrocortisone 960 ng/mL StemCell Tech 74142
Bovine Pituitary Extract 20 pg/mL Gemini Bio 500-102
Triiodothyronine (T3) 10 nM Sigma-Aldrich T6397
Biologics Transferrin 125 nM Gemini Bio 800-131P
Epinephrine 2.7 M Sigma-Aldrich E4250
O-phosphorylethanolamine 0.5 uM Sigma-Aldrich P0503
Ethanolamine 0.5 M Sigma-Aldrich E0135
Retanoic Acid 50 nM StemCell Tech 72262
Heparin 2 pg/mL StemCell Tech 07980
Bovine Serum Albumin, Fraction V 500 pg/mL Gemini Bio 700-102P
CaCl, stock Calcium Chloride dihydrate 1 mM Sigma-Aldrich C3881
ZnSO, stock Zinc Sulfate heptahydrate 3uM Sigma-Aldrich 70251
Ferrous Sulfate heptahydrate 1.51 yM Sigma-Aldrich F8633
Magnesium Chloride hexahydrate 300 uM Sigma-Aldrich M2393
Mg/Fe stock
Magnesium Sulfate heptahydrate 195 uM Sigma-Aldrich M5921
Hydrochloric Acid (12 M) 60 uM ThermoFisher A144-500
Sodium Selenite 30 nM Sigma-Aldrich §5261
Manganese(II) chloride tetrahydrate 1 nM Sigma-Aldrich M5005
Sodium metasilicate nonahydrate 500 nM Sigma-Aldrich $5904
Ammonium molybdate tetrahydrate 1nM Sigma-Aldrich M1019
Trace Elements
Ammonium metavanadate 5nM Sigma-Aldrich 398128
Nickel(II) sulfate hexahydrate 1nM Sigma-Aldrich N4882
Tin(II) chloride dihydrate 0.5nM Sigma-Aldrich $9262
Hydrochloric Acid (12 M) 12uM ThermoFisher A144-500
Primocin 0.2% (2 mL) Invivogen ant-pm-1
Plasmocin 0.1% (1 mL) Invivogen ant-mpp
Ceftazidime 7.7 pg/mL ThermoFisher AC461730050
= Gentamicin 5 pg/mL Sigma-Aldrich G1397
:rng';:fzgg’g)(“dd ABC g Cilistatin/Imipenem | 25 pg/mL Astatech 42454
Piperacillin 4.4 pg/mL Alfa Aesar J66143-ME
< Tazobactam 0.6 pg/mL Alfa Aesar J66226-03
5 Azithromycin 5 pug/mL Alfa Aesar 166740-06
Voriconazole 0.5 pg/mL Selleck Chemicals | S1442

Table 2.2 E-ALI medium composition.
This formulation produces medium containing 150 mg/dL glucose as measured using a

colorimetric assay. For details related to medium preparation, see Methods.
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Chapter 3: Chronic alcohol use primes bronchial cells for barrier
dysfunction and altered inflammatory response during SARS-CoV-
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3.1 Abstract

Alcohol Use Disorder (AUD) is a significant public health concern and people with AUD
are more likely to develop severe acute respiratory distress syndrome (ARDS) in response to
respiratory infections. To examine whether AUD was a risk factor for more severe outcome in
response to SARS-CoV-2 infection, we examined early responses to infection using cultured
differentiated bronchial epithelial cells derived from brushings obtained from people with AUD or
without AUD. Bronchial epithelial cells from AUD patients showed a significant decrease in
barrier function 72 h post infection, as determined by transepithelial electrical resistance. In

contrast, barrier function of non-AUD cells was not impaired 72 h after SARS-CoV-2 infection.
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Immunofluorescence of B-catenin revealed that it decreased in response to infection, regardless of
AUD status. To determine the impact of AUD on the inflammatory response to SARS-CoV-2
infection, cytokine secretion was measured by multiplex analysis. SARS-CoV-2-infected AUD
bronchial cells had enhanced secretion of multiple pro-inflammatory cytokines including TNFa,
IL-1P and interferon-y as opposed to non-AUD cells. By contrast, secretion of EGF and GM-CSF,
cytokines that can be barrier protective, was enhanced for non-AUD bronchial cells. RNA-seq of
non-AUD and AUD cells revealed that AUD cells have up-regulated expression of ACE2 and
adapted an epidermal gene expression profile. Taken together, these data support the hypothesis
that AUD is a risk factor for COVID-19, where alcohol primes airway epithelial cells for increased

barrier dysfunction and increased inflammation in response to infection by SARS-CoV-2.

3.2 Introduction

COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and is associated with respiratory failure in the most severe cases (33, 62). It is estimated that a
third of COVID-19 patients requiring mechanical ventilation do not survive (36). Several
comorbidities are associated with increased COVID-19 severity, including obesity, diabetes and
other chronic diseases (7). It has long been appreciated that alcohol use disorder (AUD) is a risk
factor for increased severity of lung disease (42, 47, 82). This includes increased susceptibility to
infectious pneumonia (19, 22, 58, 79) and poor outcomes in acute respiratory distress syndrome
(ARDS) (5). As ARDS is a significant pathological consequence of SARS-CoV-2 infection (75),
it is noteworthy that people with AUD and COVID-19 have been shown to have a higher rate of
hospitalization and mortality (3), suggesting that AUD is a risk factor for increased severity of

COVID-19 related illness (2). Compounding the potential impact of AUD on patient outcomes is
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the added stress of experiencing the COVID-19 pandemic, which has been associated with
substance abuse, including increased alcohol consumption (13, 68). However, the mechanisms by
which AUD influences lung epithelial responses to SARS-CoV-2 are not known at present.

Numerous factors associated with AUD contribute to increased inflammation and overall
poor lung health. Patients with AUD and animal models of AUD show higher levels of
inflammatory cytokines and chemokines in the airway (1, 14, 44, 51), alveolar macrophage
dysfunction (67, 81) and disruption of the lung microbiome (59). Additionally, chronic alcohol
exposure results in lung epithelial barrier dysfunction, which predisposes ARDS patients to more
severe pulmonary edema (11, 66). For instance, lung epithelial barrier permeability is regulated by
the apical junctional complex, composed of tight junctions and adherens junctions (32, 37, 77).
The impact of alcohol exposure on the expression, organization, and function of lung epithelial
tight junction proteins can be demonstrated using in vitro models (39, 51, 61, 65). Of note, alveolar
epithelial cells isolated from alcohol-fed animals have barrier dysfunction that persists in tissue
culture, even in the absence of added ethanol (21).

It is clear that SARS-CoV-2 has the capacity to infect multiple epithelia throughout the
respiratory tree (25). However, whether the impact of AUD on SARS-CoV-2 infection is due to
the effects of alcohol on lung epithelia has not been determined. Since AUD is a significant risk
factor for ARDS in general, we hypothesize that AUD would sensitize lung epithelial cells to the
effects of SARS-CoV-2 infection.

It is well established that cultured human lung epithelial cells have significant utility for
the study of the effects of SARS-CoV-2 infection (23, 29, 34, 48, 55, 74, 76, 83), suggesting that
an in vitro model would shed light on the impact of AUD on the effects of SARS-CoV-2 infection

on lung epithelial cells. To do this, we isolated bronchial brushings from patients with and without
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AUD, expanded them in a basal cell state and then differentiated them using an air-liquid interface
(ALI) culture system using methods previously established by our laboratory (46). The cells were
infected with SARS-CoV-2 and the effect on barrier function, junction protein expression and
inflammatory cytokine production were measured. We found that after infection, cells from
patients with AUD had a significant decrease in TER and showed enhanced secretion of several
pro-inflammatory cytokines including IL-6, TNFa, IL-1B and IFNy as compared with non-AUD
cells. By contrast, infected non-AUD cells produced significantly higher levels of GM-CSF and
EGF than AUD cells, which can have an anti-inflammatory, barrier protective effect on epithelial
cells. RNA-seq revealed that AUD cells have increased expression of ACE2 and decreased
expression of glutathione S-transferase alpha 1 (GSTAL), which promotes antioxidant defenses.
GO enrichment analysis suggested that AUD cells adapted an epidermal differentiation profile.
Taken together, these data support the hypothesis that AUD is a risk factor for COVID-19 and that

this is, in part, due to an effect of chronic alcohol exposure on airway epithelial cells.

3.3 Material and Methods

3.3.1 Donor Consent

Research involving human research participants was performed in accordance with the
Declaration of Helsinki guidelines. All human subject protocols were reviewed and approved by
the Emory University Institutional Review Board and the Atlanta Veterans Affairs Health Care
System Research and Development Committee. Potential subjects for study enrollment were
screened using the Short Michigan Alcohol Screening Test and AUD Identification Test (60, 63).
Individuals with a history of AUD were recruited from the Substance Abuse Treatment Program

at the Atlanta Veterans Affairs Health Care System, and otherwise healthy control subjects were
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recruited from general VVeterans Affairs medical clinics (43). Additional subject inclusion criteria
included active alcohol abuse, in which the last alcoholic drink was <8d prior to bronchoscopy.
Subjects were excluded if they primarily abused substances other than alcohol, were HIV positive,

were >55 y old, or had abnormal chest radiographs.

3.3.2 Airway epithelial cell culture and infection

Cells from bronchial brushings were expanded in co-culture with irradiated 3T3 fibroblast
feeder cells in F+Y reprogramming media (FYRM) as previously described (46). FYRM was
changed every other day until the cells were ~70-90% confluent and then the cells were isolated
by first removing the 3T3 feeder layer using calcium/magnesium-free phosphate buffered saline
supplemented with 1 mM EDTA (PBS/EDTA), followed by detaching epithelial cells by
incubating with Accutase (Sigma-Aldrich #A6964) at RT for 10 minutes. Cells were then
centrifuged and frozen as P1 stocks. For experiments, cells were thawed, expanded using FYRM
and then seeded on Transwell permeable supports pre-coated with type IV collagen (Sigma-
Aldrich #C7521) at a density of 150,000 cells per 6.5 mm Transwell (Costar #3450, 24 well) or
350,000 cells per 12 mm Transwell (Costar # 3460, 12 well) in E-ALI medium (46). E-ALI
medium was based on previous formulations with modifications to glucose (150 mg/dl; 8.3 mM),
CaClz2 (1 mM), heparin (2 pg/ml), L-glutamine (2.5 mM), hydrocortisone (960 mg/ml), bovine
pituitary extract (20 pg/ml), and Mg?* (0.5 uM). E-ALI medium is changed every other day with
washing of the apical surface. Using this protocol, monolayers were fully differentiated 14 days
after transitioning to ALLI, ehich occurs two days after plating.

Differentiated cells were infected at MOI 0.1 for 6h with SARS-CoV-2 USA-WA1/2020

(BEI Resources, # NR-52281), consistent with previously used conditions (83). The cells were
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then washed with ALI medium and further incubated for 72h. At 6, 24, 48 and 72h post infection,
apical surfaces were washed with 0.2 ml E-ALI and 0.5 ml basal medium was collected, banked
at -20°C for further analysis and the cells were re-fed. Virus production by infected cells was
confirmed by analysis of medium using a LAMP assay kit (New England BioLabs, # E2019S)

according to the manufacturer’s instructions.

3.3.3 RNA-seq Analysis

Non-infected AUD and non-AUD cells were flash frozen and submitted to Azenta Life
Sciences for RNA extraction and Standard RNA-Seq. Sequencing Configuration: library
preparation, Illumina, 2x150bp, ~350M raw paired-end reads (~105GB), single index, per lane.
RNA-seq reads were analyzed for differential gene expression, alternative splicing and gene
ontology (GO) enrichment analysis. Heat map of differentially expressed genes (p-adj. value <
0.05) was generated using Galaxy Project. All samples had a similar distribution of normalized

read counts (Supplemental Figure 3.1).

3.3.4 Transepithelial Resistance (TER)

TER was measured using an EVOM Voltohmmeter (World Precision Instruments,
#EVOM?2). Before measuring, cells were washed with Dulbecco’s Phosphate Buffered Saline
containing Ca*? and Mg*? (DPBS, Corning # 21-030-CV) followed by a 15-minute incubation at
37°C in Ringer’s solution (140 mM NacCl, 5 mM KCI, 0.36 mM K2HPOQO4, 0.44mM KH2POs4, 1.3
mM CaClz e 2 H20, 0.5 mM MgClz e 6 H20, 4.2 mM NaHCOs, 10 mM Na HEPES, 10 mM
glucose). Cells that had a pre-infection TER of at least 500 Ohm x cm? or higher were used for

further analysis. To facilitate comparison between different cells, TER values were normalized to
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pre-infection values obtained at t = 0 h for each condition examined.

3.3.5 Immunofluorescence Microscopy

Cells on Transwell permeable supports were rinsed with DPBS then fixed with 4%
paraformaldehyde (PFA) for 10 minutes at RT in the dark. This was followed by a DPBS rinse
and 2 minutes of fixation in 1:1 methanol/acetone at RT. Cells were then washed 3x with DPBS.
Cells were permeabilized in 0.5% Triton X-100/DPBS++ for 5 minutes, followed by two 5-minute
incubations in blocking solution (0.5% Triton X-100 and 5% Goat serum in DPBS). Primary
antibodies were added (diluted in 3% BSA in DPBS) and incubated overnight at 4°C. The cells
were washed 3x with DPBS and then incubated for 1h at RT with fluorescent secondary antibodies
diluted in 3% BSA. The secondary antibodies were removed and the cells were further incubated
for 10 minutes in Hoechst 33342 (ThermoFIsher # 62249) diluted 1:1000 in DPBS to stain nuclei.
Cells were washed 3x with DPBS, and Transwells were mounted on slides using Vectashield
mounting solution (Vector Labs #H-1000-10).

Primary antibodies used for immunofluorescence were: mouse anti-ZO-1 (Invitrogen
#339100, 1:500 dilution), rabbit anti-p-catenin (Abcam ab32572, 1:400 dilution), Rabbit anti-
claudin 7 (Abcam #ab27487, 1:200 dilution). Secondary antibodies used for immunofluorescence
were: Alexa fluor 568 goat anti-mouse (Invitrogen A11031, 1:1500 dilution), Alexa fluor 488 goat
anti-rabbit (Invitrogen #A11034, 1:1500 dilution), Alexa fluor 488 anti-mouse (Invitrogen
#A11029, 1:1500 dilution), Alexa fluor 568 anti-rabbit (Invitrogen #A11036, 1:1500 dilution).
Images were taken using either a Nikon Ti Eclipse with epifluorescence and processed using 3D

deconvolution or a Nikon A1R confocal and processed using Nikon Elements and Image J.
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3.3.6 Cytokine Analysis

Apical washes and basolateral medium that were collected at 6, 24, 48 and 72h after SARS-
CoV-2 infection were analyzed and the total amount of cytokine secreted was determined by
measuring cytokine concentration multiplied by total volume. E-ALI medium collected at each
time-point following SARS-CoV-2 infection was analyzed using the MILLIPLEX Human
Cytokine / Chemokine / Growth Factor Panel A kit (Cat # HCYTA-60K-PX38) according to the
manufacturer’s instructions, modified to accommodate the BSL-3 facility. After Streptavidin-
Phycoerythrin incubation, all wells on the assay plate were washed twice with assay buffer
followed by the addition of 200 ul 4% PFA and the samples were further incubated for 17 h 4°C
to denature any virus that was present prior to analysis. Data represent the combined total pg

secreted over a 72h period.

3.3.7 Statistics

Statistics were calculated using Graphpad Prism 8.0 and significance was determined using
ordinary one-way ANOVA with Sidak’s multiple comparison test (baseline barrier function
analysis). the Kruskal Wallis one-way ANOVA test (cytokine analysis) or the one-way ANOVA

test with Fisher’s LSD Test (barrier function analysis of infected samples).

3.4 Results

3.4.1 RNA-seq reveals differentially expressed genes between non-AUD cells and AUD cells
In this study, we used cells obtained from three individuals with AUD and three non-AUD
individuals matched as closely as possible by sex, race and age. The demographic characteristics

of the donors are shown in Table 3.1. Smoking status varied for each subject but was comparable
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overall when comparing AUD and non-AUD subjects. These cells were proliferated as basal cells
and then differentiated using ALI cultures as described in Methods.

To determine whether there were AUD dependent differences in gene expression, we
analyzed the cultures by RNA-seq. Normalized read counts were comparable for all six different
samples (Supplemental Figure 3.2). As shown by hierarchical clustering in Figure 3.1A, the
samples stratified by AUD status showed distinct patterns of upregulated and downregulated
genes. Further analysis by volcano plot shows the 117 up-regulated genes and 47 down-regulated
genes in AUD cells compared to non-AUD cells (Figure 3.1B). All differentially expressed (DE)
genes are listed in Supplemental Table 3.1. Among the up-regulated genes are several that have
been implicated in SARS-CoV-2 infection, including ACE2, which encodes the receptor that binds
the virus spike protein, and two TMPRSS isoforms: TMPRSS11B and TMPRSS11E. While the
TMPRSS2 isoform is best known for activating the SARS-CoV-2 spike protein, one study found
enhanced fusion between 293 cells expressing SARS-CoV-2 S and 293 cells expressing hACE2
and TMPRSS11E (84). AUD cells have decreased expression of glutathione S-transferase alpha 1
(GSTA1), WNT3A and MUCS5B, which play roles in protection from oxidative stress, airway
repair and clearance of respiratory particulates and pathogens, respectively (85, 86).

Gene Ontology (GO) enrichment analysis reveals the top 11 GO terms, 5 that relate to
epidermal processes and 2 that relate to inflammation (Figure 3.1C). The DE genes from these GO
terms can be found in Table 3.2. All GO terms with associated enriched DE genes are found in
Supplemental Table 3.2. Small proline rich proteins (SPRRs) are largely expressed in the
epidermis and have bactericidal properties (87). However, SPRR3 was found to play a role in
allergic airway inflammation, and knockdown of SPRR3 reduced the number of inflammatory

cells in the BAL fluid (87). S100A8, S100A9 and S100A12 are associated with inflammatory
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diseases (88), including severe asthma (89, 90).
Taken together, these data suggest that AUD status of donor cells is an independent
determinant of gene expression of bronchial epithelial cells in our model system that may impact

their response to SARS-CoV-2 infection.

3.4.2 SARS-CoV-2 infection impairs barrier function of AUD cells

We measured transepithelial resistance (TER) as an index of barrier integrity. TER values
were measured for cultured, differentiated bronchial epithelial cells originally isolated from people
with or without AUD. The cells were then infected with the Washington strain of SARS-CoV-2
at 0.1 MOI and TER values were measured at intervals over the course of a 72h time course and
normalized to baseline values to facilitate comparisons for each condition examined (Figure 3.2).

In bronchial epithelial cells derived from three different AUD isolates, SARS-CoV-2
infection caused a significant decrease in TER (Figure 3.2A-C). On the other hand, three different
non-AUD cell isolates showed an increase in TER 72 h following infection (Figure 3.2D-F). All
samples had a similar baseline TER (Figure 3.2G) except for non-AUD 1, which had a significantly
lower TER compared to AUD 1 and AUD 2 . Taken together, these data support a model where
the ability of AUD bronchial epithelial cell barrier function is more sensitive to SARS-CoV-2
infection than non-AUD cells.

To determine whether the differential effects of SARS-CoV-2 infection on TER were due
to differences between AUD and non-AUD cells in epithelial junction organization, we used
confocal and deconvolution immunofluorescence microscopy (Figure 3.3). Over the course of our
experiments, the tight junction scaffold protein zonula occludens-1 (ZO-1) remained

predominantly tight junction-associated. Also, total levels of ZO-1 were unchanged by SARS-
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CoV-2 infection (Figure 3.3E).

We also examined one of the major transmembrane tight junction proteins responsible for
bronchial epithelial barrier function, claudin-7 (45). At baseline, there was significantly more
claudin-7 present in AUD than in non-AUD bronchial epithelial cells (Figure 3.3F), potentially
rendering the AUD cells more sensitive to barrier dysfunction. Note that most of the claudin-7
expressed by bronchial cells is present on the lateral plasma membrane (Figure 3.3A, xz), that is
not colocalized with ZO-1 and does not contribute to barrier function (38). Infection eliminated
the significance of the difference in total claudin-7, however, having less ZO-1 associated with
tight junctions in infected AUD cells (Figure 3.3C) is anticipated to result in decreased barrier
function.

In contrast to ZO-1 and claudin-7, levels of B-catenin, an adherens junction scaffold
protein, were significantly diminished in response to SARS-CoV-2 infection (Figure 3.3B, D, G).
A similar effect of SARS-CoV-2 on [B-catenin expression has been reported for infected
endothelial cells (24, 54) and has been implicated in the disruption of vascular barrier function due
to COVID-19. However, infection had a similar effect on total B-catenin in AUD and non-AUD
cells, suggesting that this does not account for the differential effect of infection on barrier function
of bronchial epithelial cells. Instead, the decrease in airway epithelial B-catenin following SARS-
CoV-2 infection more likely reflects another cell response that is unaffected by AUD, such as

translocation of junction localized p-catenin to mediate wnt signaling (73).

3.4.3 Differential secretion of cytokines by infected AUD and non-AUD cells
Multiplex analysis of cytokine secretion by SARS-CoV-2 infected cells revealed that most

pro-inflammatory cytokines showed higher levels of secretion by AUD cells during the initial 72h
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period post-infection as compared to non-AUD cells (Figure 3.4, Supp. Figure 3.2). Notable
among these cytokines are TNFa, IL-1B and IFNy (Figure 3.4A-C), although there was only a
trending increase in secretion of TNFa by AUD cells at 6 and 24 h after infection. These cytokines
were found to be up-regulated in COVID-19 patients (92) and cause barrier dysfunction in barrier-
forming cells (17, 93). This is consistent with the effect we observed on barrier function in Figure
1. Non-AUD cells secreted more Epidermal Growth Factor (EGF) over the 72h time course
compared to AUD cells (Figure 3.4D). In addition, there was an appreciable, although not
significant increase, in Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) secretion
in non-AUD cells compared to AUD cells (Figure 3.4E). Both EGF (16, 70) and GM-CSF (51)
have been associated with improved lung epithelial barrier function, which is consistent with the
effect we observed on barrier function in Figure 1.

We assessed apical and basolateral secretion of the abovementioned cytokines and found
that AUD cells had a significant increase in basolateral secretion of IFNy and IL-1pB, while TNFa
EGF, GM-CSF were secreted in a non-polarized manner in both AUD and non-AUD cells (Figure
3.4F-]). Taken together, these results support a model in which AUD cells were primed for an
enhanced innate immune response to SARS-CoV-2 infection when compared with non-AUD cells.

An additional 16 cytokines were preferentially secreted by AUD cells at least at one
timepoint (Supplemental Figure3.1), except for CCL3/MIP-1a, which was preferentially secreted
by non-AUD cells at 6 h and 72 h post infection (Supplemental Figure 3.2A). It is noteworthy that
AUD cells secreted more IL-17A, IL-17F and IL-25/IL-17E (Supplemental Figure 3.2L, M, P), as
IL-17 strongly correlates with severe COVID-19 (94). Nine additional cytokines were found to be
equivalently secreted from AUD and non-AUD cells during the 72 h time course, including IL-6,

IL-1o and 1L-13 (Supplemental Figure 3.3).
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Seventeen cytokines from our multiplex analysis were secreted in a polarized manner from
either AUD cells or non-AUD cells (Supplemental Figure 3.4). We observed a variety of profiles,
including 8 cytokines that were significantly secreted basolaterally from AUD cells while 5
cytokines were significantly secreted basolaterally from non-AUD cells. CCL5/RANTES and M-
CSF were significantly secreted apically from AUD cells while IL-7 and 1L-22 were significantly
secreted basolaterally in both AUD and non-AUD cells. Eight cytokines displayed equal

bidirectional secretion (Supplemental Figure 3.5).

3.5 Discussion

The effect of SARS-CoV-2 infection on human primary bronchial cells in culture has been
examined by others (23, 48, 55, 74, 76, 83), however, this study is the first analysis of the effects
of AUD on cell responses to SARS-CoV-2 infection. Together, our data support a model where
AUD and non-AUD differ in their inflammatory response to SARS-CoV-2 infection. We found
that AUD cells showed a significant decrease in TER in response to SARS-CoV-2 infection,
however non-AUD cells showed an increase in TER. Previous analysis of infected airway cells
has shown a minimal effect of SARS-CoV-2 infection on TER over a 6 day period (83) or over a
30 day period following an initial drop, with some fluctuations (23). Although the enhancement
of TER by non-AUD cells was unexpected, it was consistent with another study demonstrating
that SARS-CoV-2 infection of bronchial epithelial cells showed a transient decrease in TER
followed by a rebound to higher TER when measured over a 7-day time course post infection (57).

In general, TER is largely preserved but it can decrease when virus shedding is high, most
likely due to focal overt damage to the monolayer (57). Another likely mechanism of diminished

barrier function is influence of viral proteins on assembly of the tight junction complex, even in
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the absence of viral shedding. In particular, interference of the SARS-CoV envelope protein (E
protein) with ZO-1 association with tight junctions was originally demonstrated for SARS-CoV-1
(69). Subsequently SARS-CoV-2 E protein has been found to bind to ZO-1 as well (12, 18, 64,
72). Whether this is occurring in SARS-CoV-2 infected airway cells to interfere with tight
junctions remains to be determined. Disruption of ZO-1 can also influence the distribution of
claudin-7 between the tight junction (barrier forming) and lateral (non-barrier forming) pools.
Regardless of the mechanism, cell polarity is largely retained, since infected airway cells in vitro
show low levels of basolateral virus shedding relative to apical shedding (23, 57) and cytokine
secretion is also polarized, as seen here and in other reports (74, 76).

Surprisingly, we found that non-AUD cells secreted two protective cytokines, EGF and
GM-CSF, in response to SARS-CoV-2 that were less prominent in infected AUD cells. EGF in
particular has been shown to promote lung epithelial cell barrier function (16, 70). Moreover,
administration of EGF to septic mice has been shown to lessen the severity of sepsis, even in
alcohol fed mice, in part by protecting gut barrier function (31).

Interpreting roles for GM-CSF in bronchial epithelial cell behavior is more complex, since
it has both pro- and anti- inflammatory effects, depending on the amount, context and presence of
other inflammatory mediators (6). Consistent with the protective effect of GM-CSF, GM-CSF
deficient mice exhibit pulmonary alveolar proteinosis (PAP) (20), which ultimately led to therapies
including inhaled GM-CSF to treat this disease (30). There is also evidence that ARDS survival
correlates with the amount of GM-CSF present in lung lavage fluid (40, 51). This is due to
stimulation of the PU.1 transcription factor by autocrine stimulation of lung epithelial cells by
GM-CSF and this pathway was found to be impaired as a result of chronic alcohol ingestion in a

rodent model (27). This would be consistent with impairment of GM-CSF signaling by AUD cells
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as a contributor to barrier dysfunction due to SARS-CoV-2 (Figure 3.2) and supports the potential
for GM-CSF administration as a therapeutic approach in severe COVID-19 (35, 41). However, the
use of administered GM-CSF to treat non-COVID ARDS has had mixed success, where it was
shown to improve the ratio of arterial oxygen partial pressure to fractional inspired oxygen
(PaO2/F102) (53), but it did not increase the number of ventilator-free days in ARDS patients (52).

IL-6 is a highly investigated COVID-19-associated cytokine that correlates with more
severe outcomes (8,15). Other studies examining SARS-CoV-2-exposed bronchial cells have also
shown that IL-6 was produced at 72 h after infection (55, 74, 76), consistent with the response we
observed in AUD and non-AUD cells (Supplemental Figure 3.3). We found that in general AUD
cells had a stronger inflammatory response than non-AUD cells in response to SARS-CoV-2
infection. Although IL-6 secretion is potentially an epithelial protective response to infection (78),
IL-6 is also associated with vascular barrier dysfunction, including COVID-19 associated vascular
disease (71, 80).

Our study is the first to focus on the Black or African American patient population
concerning the effects of AUD on SARS-CoV-2 infection (Table 3.3). In the United States, African
American/Black populations have disproportionally higher rates of SARS-CoV-2 infection,
hospitalization, and COVID-19-related mortality, according to a systematic review of numerous
studies (97). This is a multifactorial issue due in part to adverse social determinants of health and
increased prevalence of comorbidities (98). While we were unable to adjust for smoking in our
study, we did have 2 smokers among both the AUD and non-AUD patients, making the percentage
of smokers 66%. This percentage of smokers in the AUD patient samples is equivalent to the
percentage of chronic alcohol users who smoke at least one pack of cigarettes a day, which is 70%

(95).
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RNA-seq analysis revealed 164 DE genes with the majority up-regulated in AUD cells.
Critically, there were few proinflammatory genes that were upregulated by AUD, including TNFa.,
IL-1B, and IFNy, indicating that cells from AUD subjects were not classically inflamed prior to
infection. We also compared our RNA-seq results with those from Bailey et al. who performed
RNA-seq analysis of unexpanded bronchial brushings from 19 non-AUD samples and 18 AUD
samples (96). In samples which were not corrected for smoking status, we identified 19 genes that
were differentially expressed in both studies (Table 3.2), however, this required using a less
stringent measure of significance for the Bailey dataset, raw p value as opposed to adj p value.
Notably, SI00A8 and MUCS5B are among these common DE genes. In addition, CEACAMS is an
adhesion protein that is upregulated in bronchial cells from patients with type-2 severe asthma
(91). Together, these findings suggest that AUD cells adapted an inflammatory, epidermal profile.
This may explain why AUD cells have an altered barrier function and inflammatory response to
SARS-CoV-2 infection.

We found that the effects of AUD on human airway epithelial cell responses to SARS-
CoV-2 infection were maintained by cultured cells and did not require the presence of alcohol in
the culture medium. This finding is consistent with our data using lung epithelial cells isolated
from alcohol fed rodents (21, 39, 61) and suggests that the cells may by epigenetically
reprogrammed in response to chronic alcohol exposure. In fact, alcohol consumption has been
linked to epigenetic modification of the central nervous system as a mechanism underlying
addiction (4), which further suggests that epigenetic reprogramming also can occur in the lung in
response to AUD. Consistent with this possibility, it has previously been shown that alcohol
inhibits Thy-1 expression by lung fibroblasts by DNA methylation induced by TGF-B1 (49, 50).

The effects of epigenetic reprogramming of lung epithelia by alcohol remains to be determined.
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Our findings that non-AUD cells had a relatively mild response to SARS-CoV-2 infection
is likely to reflect the cell culture conditions we used. Here we used medium that supports
bronchial cell differentiation and also contains normal resting glucose levels (46). However,
several media commonly used to support airway epithelial cell differentiation have high glucose
concentrations, including media based on LHC Basal:DMEM-H and Pneumocult-ALI both of
which contain ~ 300 mg/dL glucose (46). Thus, one consideration in interpreting results obtained
with cultured airway epithelial cells is that their response to SARS-CoV-2 infection may be
sensitive to medium glucose content, which would be consistent with diabetes as a risk factor for
increased severity of COVID-19 (10).

Here we compared primary bronchial epithelial cells derived from AUD and non-AUD
patients that were grown, differentiated, and treated under the same conditions to demonstrate that
AUD cells showed early sensitivity to SARS-CoV-2 infection. As early onset of severe disease is
a likely determinant of further disease progression, our data add AUD as a risk factor for increased
severity of COVID-19 related illness (2) due to the combined impact of alcohol and SARS-CoV-
2 infection on airway epithelial barrier function and inflammation. This underscores the
importance of considering AUD status when treating COVID-19 patients and the likely utility of

targeting the lung epithelium when considering treatment options.
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Figure 3.1 Summary of RNA-seq analysis of AUD and non-AUD cells.
Differentiated bronchial cells from non-AUD and AUD patients were subject to RNA sequencing.
(A) Heat map representation of all 164 differentially expressed genes. Down-regulated genes are
in blue and up-regulated genes are in red, in respect to AUD cells. Select DE genes are located on
right. (B) Volcano plot representation of all genes. Green dots represent down-regulated genes in
AUD cells, red dots represent up-regulated genes in AUD cells and grey dots represent genes that
were not differentially expressed. SARS-CoV-2 receptor genes were upregulated in AUD cells.
Genes required for proper function and maintenance of bronchial cells were down-regulated in

AUD cells. (C) Differentially expressed genes were clustered by their gene ontology. Enrichment
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of gene ontology terms was tested using Fisher exact test (GeneSCF v1.1-p2). Shown are top 11
significantly enriched gene ontology terms with an adjusted P-value less than 0.05 in the

differentially expressed gene set.
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Figure 3.2 AUD cells have impaired barrier function following SARS-CoV-2 infection.
Differentiated bronchial cells from AUD (A-C, red) and non-AUD (D-F, blue) subjects were
infected with SARS-CoV-2. TER was measured immediately prior to infection (t=0) and at 6, 24,
48 and 72 h post infection, normalized to values at t=0. AUD cells showed decreased barrier
function 72h after infection (A, * p=0.04; B, # p=0.12; C, **** p< 0.0001). By contrast, non-AUD
cells showed increased barrier function 72 h after infection (D, ** p=0.0047; E, # p=0.051; F, ***
p=0.0003). G. Actual TER values of all samples immediately prior to infection. Non-AUD 1 had
a lower TER compared to AUD 1 (**p=0.0087) and AUD 2 (*p=0.02). n=3 biological replicates

consisting of 5 Transwells per group. Values represent mean + SD in each case.
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Figure 3.3 Changes to non-AUD and AUD bronchial cell junctions in response to SARS-

CoV-2 infection.

A-D. Cells 72h post infection or mock infection were fixed and immunostained for ZO-1 (green)

and claudin-7 (red) and DAPI (blue) (A,C) or ZO-1 (red), B-catenin (green) and DAPI (blue) (B,D)

and imaged by confocal (A,B) and deconvolution (C,D) fluorescence microscopy. A,B. Top panels
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show a 3D projection, the bottom panels represent xz projections from three biological replicates
for each condition. Bar, 10 micron. C,D. xy projections of representative images. White dotted
squares represent the location of insets in the bottom right corner of each image. Bar, 20 micron.
E-G. Relative fluorescence measurements for showed little effect SARS-CoV-2 infection on total
intensity of ZO-1 (C) and claudin-7 (D), however there was a significant decrease in total B-catenin
72 h post-infection (****, p<0.0001, n= 3 fields each from 3 biological replicates). Also, there was
significantly less claudin-7 in non-infected AUD cells compared to non-infected non-AUD cells
(***, p=0.001, n= 3 fields each from 3 biological replicates), although this difference diminished

72h post-infection. Values represent mean + SD in each case.
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Figure 3.4 Pro-inflammatory cytokines were preferentially secreted by AUD cells in a

polarized manner in response to infection.

Differentiated bronchial cells from non-AUD and AUD patients were infected with SARS-CoV-2

and analyzed for cytokine secretion at 6, 24, 48 and 72 h post infection (A-E) or analyzed for apical
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and basolateral secretion over the entire time course (F-J). There was a trending or significant
increase in pro-inflammatory cytokine secretion (TNFa, IL-18, and IFNy) by AUD cells at some
or all timepoints. There was a trending or significant increase in anti-inflammatory cytokines by
non-AUD cells at some timepoints. AUD cells secreted significantly more basolateral IL-1(, and
IFNYy. There was equivalent apical and basolateral secretion of TNFa,, EGF and GM-CSF by AUD
cells. For all 5 cytokines, non-AUD cells secreted equal amounts apically and basolaterally. n=3
biological replicates consisting of samples from 3 Transwells per group. Values represent mean +

SD in each case.

96



Pack

Enrollment Height Weight current  year
ID Age Gender (inches) (lbs) BMI Race  Ethnicity smoker? history
Black or NOT
AUD 1 50 Male 65 145 241 African  Hispanic Yes 3

American or Latino
Black or NOT
AUD 2 53  Male 71 201 28.0 African Hispanic Yes 26
American or Latino
Black or NOT

AUD 3 51 Male 71 173 241 African  Hispanic No 0
American or Latino
Black or

Non-AUD1 20 Male 77 195 23.1 African n/a No 0
American
Black or NOT

Non-AUD 2 29 Male 66 172 27.8 African Hispanic Yes 4

American or Latino
Black or NOT

Non-AUD 3 58 Male 66 135 21.8 African Hispanic Yes 45
American or Latino

Table 3.1 Subject Characteristics.
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Gene Ontology Analysis Genes

Genes related to epidermal regulation ~ ABCA12; CALML5; EMP1; EREG; FLG2; GRHLS3;
KLK7; KRT10; KRT16; SCEL; SPRR1A; SPRR2A;
SPRR1B; SPRR2D; SPRR2E; SPRR3; TGM1

Genes related to Inflammation BDKRB2; BMPR1B; C4B; C6; CLEC7A; ECM1;
ILIRN; IL22RA; IL36RN:; IL36A; KRT16; MGLL;
PGLYRP4; S100A8; S100A9; S100A12; SUSD4

Table 3.2 Differentially expressed genes related to epidermal regulation and inflammation

identified in the Gene Ontology analysis.
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Ours Bailey et al. (ref)

log 2 fold log 2 fold
Gene name change p Value adj. p Val change p Value adj.p Val
CEACAMY 4.82 0.00 0.00 258 0.01 0.18
S100A8 4.78 0.00 0.00 210 0.02 0.21
CYSRT1 3.43 0.00 0.00 1.06 0.02 0.20
CEACAMS5 3.39 0.00 0.01 4.18 0.00 0.06
PADI1 3.33 0.00 0.00 1.55 0.02 0.19
ABCA12 2.09 0.00 0.02 234 0.01 0.16
CRYBG2 1.62 0.00 0.01 1.32 0.02 0.19
PLBD1 141 0.00 0.05 0.77 0.01 0.14
BDKRB2 1.24 0.00 0.00 0.42 0.05 0.31
GPRC5B -1.63 0.00 0.02 -0.84 0.02 0.22
MUC5B -2.93 0.00 0.01 -2.05 0.00 0.10
CYP2A13 -3.99 0.00 0.05 -2.09 0.00 0.08
ITLN1 -4.57 0.00 0.00 -3.18 0.01 0.16

Table 3.3 Differentially expressed genes by AUD and non-AUD bronchial cells that were
identified in both our study and by Bailey et al.
We compared our RNA sequencing results to those in Bailey et al. and identified 13 genes that
were differentially expressed in both studies (96). Bailey et al. evaluated 19 non-AUD and 18

AUD bronchial brushing samples and identified 520 differentially expressed genes.
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Supplemental Figure 3.1 Distribution of normalized read counts.
The original read counts were normalized to adjust for various factors and used to accurately

determine differentially expressed genes.
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Supplemental Figure 3.2 Cytokines that were preferentially secreted by AUD cells in
response to infection.
Differentiated bronchial cells from non-AUD and AUD patients were infected with SARS-CoV-2

and analyzed for cytokine secretion using a multiplex assay. Shown is cytokine secretion at 6, 24,
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48 and 72 h post infection. n=3 biological replicates consisting of samples from 3 Transwells per

group. Values represent mean + SD in each case.
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Supplemental Figure 3.3 Cytokines that were equivalently secreted by AUD cells and non-
AUD cells in response to infection.

Differentiated bronchial cells from non-AUD and AUD patients were infected with SARS-CoV-2

and analyzed for cytokine secretion using a multiplex assay. Shown is cytokine secretion at 6, 24,

48 and 72 h post infection. Shown are cytokines that were equivalently secreted by AUD cells and
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non-AUD cells at each timepoint. n=3 biological replicates consisting of samples from 3

Transwells per group. Values represent mean + SD in each case.
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Supplemental Figure 3.4 Polarized secretion of cytokines by AUD and non-AUD cells in
response to infection.
Differentiated bronchial cells from non-AUD and AUD patients were infected with SARS-CoV-2
and analyzed for cytokine secretion using a multiplex assay. Shown is apical and basolateral
cytokine secretion over the entire time course. Shown are cytokines that were significantly secreted

either apically or basolaterally by either AUD or non-AUD cells.

105



>
w
@

250 8 40
=200 - —_ _
= o 6 T T o 30
2 o = .
= 150 L = —

! T 4 1 b T 20
< 1m0 = 2 T E
50 2 104 [== S
] o BF o u ) 1L
AUD AUD non-AUD non-AUD AUD AUD non-AUD non-AUD AUD AUD non-AUD non-AUD
apical basal apical basal apical basal apical basal apical basal apical basal
CCL2/MCP-1 CCL11/eotaxin CXCL10/1P-10
D E 3000 F
300 - 60
T2000
= T (- —
£ 200 . 3 g sl -~
3 T 21000 L.
8 ] .
100 |_ a0 20 _l_
=+ o —— o |_—|
, L 0 -+ : } | mm O

L T L T L) T T
AUD  AUD non-AUD non-AUD AUD  AUD non-AUDnon-AUD AUD  AUD non-AUD non-AUD
apical basal apical basal apical basal apical basal apical  basal  apical  basal

IL-6 IL-1RA IL-1a

®
T

4 2.0
3 3 T E 15 =
i 2 _F + T 1.0 T
8 T o+ 2 1

0.5

n o .

AUD  AUD non-AUD non-AUD AUD  AUD non-AUD non-AUD
apical basal apical basal apical basal apical basal

IL-15 IL-18

Supplemental Figure 3.5 Equal apical and basolateral secretion of cytokines by AUD and
non-AUD cells in response to infection.
Differentiated bronchial cells from non-AUD and AUD patients were infected with SARS-CoV-2
and analyzed for cytokine secretion using a multiplex assay. Shown is apical and basolateral
cytokine secretion over the entire time course. Shown are cytokines that were secreted in equal

amounts into the apical and basolateral chambers.
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GenelD GeneName log2FoldChange P-value P-adj
ENSG00000185873 TMPRSS11B 8.91 0 0
ENSGO00000167916 KRT24 8.36 0 0
ENSG00000172005 MAL 8.28 0 0
ENSG00000163209 SPRR3 7.59 0 0
ENSG00000143536 CRNN 7.32 0 0
ENSG00000170426 SDR9C7 7.24 0 0.04
ENSG00000126233 SLURP1 7.15 0 0
ENSG00000136694 IL36A 6.82 0 0
ENSG00000170423 KRT78 6.64 0 0
ENSG00000169474 SPRR1A 6.23 0 0
ENSG00000189001 SBSN 6.03 0 0
ENSG00000155269 GPR78 6 0 0.03
ENSG00000241794 SPRR2A 5.96 0 0
ENSG00000249307 LINC01088 5.84 0 0
ENSG00000203785 SPRR2E 5.68 0 0
ENSG00000145879 SPINK?7 5.66 0 0.05
ENSG00000163216 SPRR2D 5.62 0 0
ENSG00000166535 A2ML1 5.6 0 0
ENSG00000280071 FP565260.6 5.59 0 0.01
ENSG00000214711 CAPN14 5.46 0 0
ENSG00000140519 RHCG 5.41 0 0
ENSG00000129455 KLK8 5.33 0 0
ENSG00000166183 ASPG 5.29 0 0.01
ENSG00000143520 FLG2 5.11 0 0.04
ENSG00000133710 SPINKS5 4.83 0 0
ENSGO00000007306 CEACAMY 4.82 0 0
ENSG00000200033 RNU6-403P 4.8 0 0.01
ENSG00000143546 S100A8 4.78 0 0
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ENSG00000174226
ENSGO00000178372
ENSG00000183671
ENSG00000130600
ENSGO00000090512
ENSG00000163221
ENSGO00000171476
ENSG00000087128
ENSG00000125998
ENSG00000169469
ENSG00000238042
ENSG00000136695
ENSGO00000171401
ENSG00000167755
ENSGO00000185479
ENSG00000169035
ENSGO00000170477
ENSG00000143369
ENSG00000198488
ENSG00000197191
ENSGO00000139988
ENSG00000158125
ENSGO00000071991
ENSG00000105388
ENSG00000142623
ENSGO00000172382
ENSG00000214049
ENSG00000121742
ENSGO00000170465

SNX31
CALMLS
GPR1

H19
FETUB
S100A12
HOPX
TMPRSS11E
FAMS83C
SPRR1B
LINC02257
IL36RN
KRT13
KLK6
KRT6B
KLK?7
KRT4
ECM1
B3GNT6
CYSRT1
RDH12
XDH
CDH19
CEACAMS5
PADI1
PRSS27
UCA1l
GJB6
KRT6C
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4.78
4.57
4.28
4.26
4.24
4.13
4.12
411
411
4.06
4.04
4.04
3.87
3.85
3.79
3.75
3.63
3.57
3.45
3.43
3.42
3.4
3.39
3.39
3.33
3.33
3.29
3.27
3.27
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ENSG00000186832
ENSGO00000166736
ENSG00000161249
ENSG00000124466
ENSGO00000186806
ENSG00000039537
ENSGO00000092295
ENSG00000142677
ENSG00000280693
ENSG00000173212
ENSG00000197632
ENSG00000109321
ENSGO00000253368
ENSG00000165794
ENSGO00000136155
ENSG00000177494
ENSG00000261040
ENSGO00000074211
ENSG00000074416
ENSG00000134531
ENSG00000163220
ENSG00000158055
ENSG00000225833
ENSG00000124882
ENSG00000064787
ENSG00000144063
ENSG00000144452
ENSGO00000197353
ENSGO00000173210

KRT16
HTR3A
DMKN
LYPD3
VSIG10L
C6
TGM1
IL22RA1

SH3PXD2A-AS

MAB21L3
SERPINB2
AREG
TRNP1
SLC39A2
SCEL
ZBED2
WFDC21P
PPP2R2C
MGLL
EMP1
S100A9
GRHL3
AC097625.1
EREG
BCAS1
MALL
ABCA12
LYPD2
ABLIM3
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3.23
3.19
291
2.85
2.8
2.75
2.73
2.72
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2.61
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2.4
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ENSG00000136689
ENSGO00000013016
ENSG00000130234
ENSGO00000183347
ENSGO00000109846
ENSG00000111344
ENSG00000124102
ENSG00000089127
ENSG00000166396
ENSG00000143382
ENSG00000134955
ENSG00000183018
ENSGO00000186395
ENSG00000143412
ENSG00000176092
ENSG00000103257
ENSG00000149948
ENSGO00000121316
ENSG00000261104
ENSG00000276170
ENSGO00000043039
ENSG00000172243
ENSG00000168398
ENSG00000006555
ENSG00000163218
ENSG00000151012
ENSG00000140297
ENSG00000206337
ENSGO00000177191

ILIRN
EHD3
ACE2

GBP6
CRYAB
RASAL1
P13

OAS1
SERPINB7
ADAMTSLA
SLC37A2
SPNS2
KRT10
ANXA9
CRYBG2
SLC7A5
HMGA2
PLBD1
AC093904.4
AC244153.1
BARX2
CLEC7A
BDKRB2
TTC22
PGLYRP4
SLC7All
GCNT3
HCPS
B3GNTS8
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2.07

1.99
1.93
1.92
1.89
1.88
1.84
1.8
1.79
1.69
1.69
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1.62
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1.43
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ENSG00000253958
ENSG00000186212
ENSG00000144724
ENSG00000169992
ENSGO00000174080
ENSG00000121064
ENSG00000135362
ENSG00000138696
ENSG00000143502
ENSG00000145284
ENSG00000184144
ENSGO00000006042
ENSG00000182636
ENSG00000113594
ENSGO00000065989
ENSG00000160180
ENSG00000115325
ENSG00000167191
ENSG00000243955
ENSG00000234390
ENSG00000198892
ENSG00000126217
ENSGO00000099864
ENSG00000165238
ENSG00000164199
ENSG00000182853
ENSG00000116299
ENSG00000105088
ENSG00000233725

CLDN23
SOWAHB
PTPRG
NLGN2
CTSF
SCPEP1
PRR5L
BMPR1B
SUSD4
SCD5
CNTN2
TMEMO98
NDN
LIFR
PDE4A
TFF3
DOK1
GPRC5B
GSTA1l
USP27X-AS1
SHISA4
MCF2L
PALM
WNK?2
ADGRV1
VMO1
KIAA1324
OLFM2
LINCO00284
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1.1
1.03
-1.06
-1.22
-1.22
-1.23
-1.27
-1.28
-1.28
1.3
1.3
-1.31
1.4
-1.48
-1.53
-1.55
1.6
-1.63
-1.69
-1.69
-1.74
-1.74
-1.81
-1.83
-1.9
-1.91
-2.03
-2.19
-2.24
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ENSG00000224389
ENSGO00000127324
ENSG00000117507
ENSG00000272512
ENSGO00000176533
ENSG00000162373
ENSGO00000175344
ENSG00000117983
ENSG00000125999
ENSGO00000020633
ENSG00000153822
ENSG00000124191
ENSG00000169083
ENSG00000037280
ENSGO00000197838
ENSG00000154342
ENSG00000215030
ENSGO00000179914
ENSG00000140937
ENSG00000221826

C4B
TSPANS
FMOGP
AL645608.8
GNG7
BENDS5
CHRNAY
MUCS5B
BPIFB1
RUNX3
KCNJ16
TOX2

AR

FLT4
CYP2A13
WNT3A
RPL13P12
ITLN1
CDH11
PSG3

-2.28
-2.57
-2.58
-2.58
-2.69
-2.85
-2.91
-2.93
-2.94
-3.08
-3.3
-3.38
-3.72
-3.95
-3.99
-4.27
4.3
-4.57
-4.65
-5.29

O O O O O O O O O O O O O o o o o o o o

0.05

0.01
0.02

0.05
0.01

0.02

0.02
0.04
0.03
0.05

0.05
0.02

Supplemental Table 3.1 List of differentially expressed genes
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Total

Significant  Genes Percent
Genes group significant
Genes Process name count count genes P-value Padj-value
EREG; SCEL; KRT16; GO0:0030216~keratinocyte 11 76 14.47368 6.08E-14 4.41E-11
KRT10; SPRR1B; differentiation
SPRR2E; SPRR2D;
TGM1; SPRR1A;
SPRR2A; SPRR3;
SCEL; KRT16; G0:0008544~epidermis 12 80 15 2.34E-13 8.50E-11
SPRR1B; SPRR2E; development
SPRR2D; SPRR1A;
SPRR2A; KLK7;
EMP1; GRHL3;
CALMLS5; SPRR3;
KRT16; SPRR1B; G0:0031424~keratinization 9 48 18.75 4.96E-13 1.20E-10
SPRR2E; SPRR2D;
TGM1; SPRR1A;
SPRR2A; ABCA12;
SPRR3;
SPRR1B; SPRR2E; G0:0018149~peptide cross- 7 49 14.28571 3.28E-10 5.94E-08
SPRR2D; TGM1; linking
SPRR1A; SPRR2A;
SPRR3;
BMPR1B; S100A8; G0:0006954~inflammatory 11 370 2.972973 1.97E-08 2.86E-06
S100A9; KRT16; response
C4B; BDKRB2;
S100A12; ECM1;
MGLL; CLEC7A;
IL36A;
S100A8; S100A9; G0:0045087~innate immune 11 404 2.722772 4.69E-08 5.67E-06
KRT16; C4B; C6; response
S100A12; SUSD4;
PGLYRP4; CLEC7A;
IL36RN; IL36A;
EREG; S100A8; G0:0042060~wound healing 6 75 8 1.53E-07 1.59E-05
SERPINB2; TFF3;
GRHL3; SPRR3;
KRT16; FLG2; G0:0061436~establishment of 4 18 22.22222 4.92E-07 4.46E-05
ABCA12; GRHL3; skin barrier
A2ML1; SERPINB7;  G0:0010951~negative 6 124 4.83871 2.50E-06 0.000201423
SERPINB2; C4B; regulation of endopeptidase
PI3; FETUB; activity
CAPN14; KLKS; G0:0006508~proteolysis 9 508 1.771654 2.38E-05 0.001722206
C4B; KLK7;
ADAMTSL4;
TMPRSS11B;
PRSS27; CTSF;
TMPRSS11E;
EREG; AR; KRT4; G0:0050680~negative 4 56 7.142857 3.01E-05 0.001982698
RUNX3; regulation of epithelial cell
proliferation
GCNT3; B3GNT6; G0:0016266~0-glycan 4 59 6.779661 3.65E-05 0.002205038
B3GNT8; MUC5B; processing
BMPR1B; EREG; G0:0001550~ovarian cumulus 2 2 100 5.07E-05 0.002448214

expansion
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S100A8; S100A9;
S100A12; GBP6;
MUC5B;

S100A8; S100AS9;

GSTA1; KRT4;
SPINKS5; RHCG;
S100A8; S100A9;
S100A12; GPRC5B;
S100A8; S100A9;

S100AS8; S100A9;
S100A12;
C4B; C6; SUSD4;

S100A8; S100A9;

PALM; KRT6B;
KRT16; KRT13;
KRT4;

S100A8; S100A9;

PTPRG; BDKRB2;
FLT4; DOK1;

MAL; MALL;

ECM1; IL36RN;

PGLYRP4; CLEC7A;

MAL; MALL; KLK®6;

MAL; GRHL3; KLK6;
NDN;

EREG; AR; AREG;
FLT4; CHRNA7;
LIFR; WNT3A;
SLURP1; LYPD2;

FLT4; WNT3A;
PRR5L; ITLN1;
S100A8; S100A9;

EREG; LIFR;
IL22RA1; IL36A;
SPINK7; SPINK5;
FLT4; NDN;

EREG; KLKS;

S100A8; S100A9;
AR; S100A12;

G0:0042742~defense response
to bacterium

G0:0070488~neutrophil
aggregation
G0:0030855~epithelial cell
differentiation
G0:0050729~positive regulation
of inflammatory response
G0:0032602~chemokine
production
G0:0050832~defense response
to fungus
G0:0030449~regulation of
complement activation
G0:0002793~positive regulation
of peptide secretion
G0:0007010~cytoskeleton
organization

G0:0032119~sequestering of
zincion
G0:0007169~transmembrane
receptor protein tyrosine kinase
signaling pathway
G0:0001766~membrane raft
polarization
G0:0001960~negative
regulation of cytokine-mediated
signaling pathway
GO0:0002221~pattern
recognition receptor signaling
pathway
G0:0042552~myelination

G0:0007417~central nervous
system development
G0:0008284~positive regulation
of cell proliferation

G0:0001775~cell activation

G0:0001934~positive regulation
of protein phosphorylation
G0:0002523~leukocyte
migration involved in
inflammatory response
G0:0019221~cytokine-mediated
signaling pathway
G0:1900004~negative
regulation of serine-type
endopeptidase activity
G0:0003016~respiratory system
process
G0:0043616~keratinocyte
proliferation
G0:0051092~positive regulation
of NF-kappaB transcription
factor activity
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127

67

71

26

29

160

87

45
117

454

10
124

10

124

11

12

12

133

3.937008

100

5.970149

5.633803

66.66667

11.53846

10.34483

50

3.125

50

4.597701

25

25

25

6.666667
3.418803

1.54185

20
3.225806

20

3.225806

18.18182

16.66667

16.66667

3.007519

4.58E-05

5.07E-05

5.85E-05

7.25E-05

8.43E-05

8.45E-05

0.0001139

0.0001261

0.0001314

0.0001261

0.0001537

0.0003755

0.0003755

0.0003755

0.0003839
0.0004564

0.0004416

0.0005487
0.0005642

0.0005487

0.0005642

0.0006472

0.0007536

0.0007536

0.0007278

0.002448214

0.002448214

0.002649057

0.003090685

0.003223177

0.003223177

0.004129775

0.004141277

0.004141277

0.004141277

0.004642456

0.009939799

0.009939799

0.009939799

0.009939799
0.011030585

0.011030585

0.012030187
0.012030187

0.012030187

0.012030187

0.013406106

0.014378052

0.014378052

0.014378052



TFF3; PSG3; HCP5;
KRT6B; GRHL3;

S100A8; S100AS9;
S100A12;
KRT16; KRT6C;

AR; AREG;

BMPR1B; MAL;

ANXA9; RASALL;
S100A9; AR;
PDE4A; CHRNA7;
HTR3A; ECM1;
DOK1; CALMLS;
CDH11; RUNX3;
ECM1;

CNTN2; NDN;
S100A8; S100A9;
BDKRB2; ACE2;
S100A8; S100A9;
S100A8; S100A9;
XDH;

BMPR1B; BARX2;
OLFMZ2; SLURP1;
GPRC5B;
S100A8; S100A9;
EREG; WNT3A;
EREG; AR;
PALM; EHD3;
ANXA9; NLGN2;
CRNN;

WNT3A; GPRC5B;
C4B; C6; SUSD4;

GCNTS3;

SPINK5;

G0:0006952~defense response

G0:0007398~ectoderm
development
G0:0030593~neutrophil
chemotaxis
G0:0045104~intermediate
filament cytoskeleton
organization
G0:0060749~*mammary gland
alveolus development
G0:1902043~positive regulation
of extrinsic apoptotic signaling
pathway via death domain
receptors

G0:0007165~signal
transduction

G0:0001503~ossification

G0:0007413~axonal
fasciculation
G0:0014002~astrocyte
development
G0:0019229~regulation of
vasoconstriction
G0:0051493~regulation of
cytoskeleton organization
G0:0006919~activation of
cysteine-type endopeptidase
activity involved in apoptotic
process

G0:0001502~cartilage
condensation
G0:0007626~locomotory
behavior
G0:0001816~cytokine
production
G0:0001819~positive regulation
of cytokine production
G0:0042327~positive regulation
of phosphorylation
GO0:0072661~protein targeting
to plasma membrane
G0:0016337~single organismal
cell-cell adhesion
G0:0061098~positive regulation
of protein tyrosine kinase
activity
G0:0006958~complement
activation, classical pathway
G0:0002426~immunoglobulin
production in mucosal tissue
G0:0002787~negative
regulation of antibacterial
peptide production

10

115

59
13

62

14

14

14

1073

75

18

18

18

19

78

21

82

22

23

23

24

95

26

96

5.084746
15.38462

4.83871

14.28571

14.28571

14.28571

0.931966

4

11.11111

11.11111

11.11111

10.52632

3.846154

9.52381

3.658537

9.090909

8.695652

8.695652

8.333333

3.157895

7.692308

3.125

100

100

0.0008147
0.0008679

0.0009349

0.00099

0.00099

0.00099

0.0013895

0.0015837

0.0015555

0.0015555

0.0015555

0.0017159

0.0017648

0.0020593

0.0020257

0.0022423

0.0024326

0.0024326

0.0026302

0.0030343

0.0030475

0.0031225

0.0058316

0.0058316

0.015144285
0.015730332

0.016311867

0.016311867

0.016311867

0.016311867

0.022386029

0.023432498

0.023432498

0.023432498

0.023432498

0.024880545

0.025088321

0.028170257

0.028170257

0.030104369

0.03149312

0.03149312

0.033454875

0.03744796

0.03744796

0.037730198

0.041990889

0.041990889



ECM1;

HMGA2;

WNT3A;

ASPG;

SLC7A5; SLC7A11;

CHRNA7; HTR3A;

KLK8; EMP1;
EREG; GJB6; AR;
NDN; WNK2;
B3GNT6;

AR;

WNT3A;

CRYAB;

CHRNA7; SLC7A11;

ABCA12;

HMGA2;

EREG;

SPINK5;
KIAA1324;

S100A9;
RUNX3; KLK6;
BMPR1B; AR;
C6; CHRNA7;
ECM1;
SPNS2;

EREG;

FLT4; ABCA12;

WNT3A;

KLK8; NLGN2;

G0:0002828~regulation of type
2 immune response
G0:0003131~¥mesodermal-
endodermal cell signaling
GO0:0003136~negative
regulation of heart induction by
canonical Wnt signaling
pathway
G0:0006530~asparagine
catabolic process
G0:0006865~amino acid
transport
G0:0007271~synaptic
transmission, cholinergic
G0:0008219~cell death

G0:0008285~negative
regulation of cell proliferation
G0:0016269~0-glycan
processing, core 3
G0:0019102~male somatic sex
determination
G0:0021874~Wnt signaling
pathway involved in forebrain
neuroblast division
G0:0031109~microtubule
polymerization or
depolymerization
G0:0035094~response to
nicotine
G0:0035627~ceramide
transport

G0:0035978~histone H2A-S139
phosphorylation
G0:0042108~positive regulation
of cytokine biosynthetic process
G0:0042640~anagen

G0:0044090~positive regulation
of vacuole organization
G0:0045113~regulation of
integrin biosynthetic process
G0:0045595~regulation of cell
differentiation
G0:0045597~positive regulation
of cell differentiation
G0:0045766~positive regulation
of angiogenesis
G0:0048073~regulation of eye
pigmentation
G0:0048160~primary follicle
stage

G0:0048286~lung alveolus
development
G0:0048337~positive regulation
of mesodermal cell fate
specification
G0:0050808~synapse
organization

1 1 100

1 1 100

1 1 100

1 1 100

2 34 5.882353
2 37 5.405405
2 36 5.555556
5 377 1.32626
1 1 100

1 1 100

1 1 100

1 1 100

2 34 5.882353
1 1 100

1 1 100

1 1 100

1 1 100

1 1 100

1 1 100

2 31 6.451613
2 35 5.714286
3 109 2.752294
1 1 100

1 1 100

2 31 6.451613
1 1 100

2 32 6.25
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0.0058316

0.0058316

0.0058316

0.0058316

0.0050021

0.0058498

0.0055604
0.0054627

0.0058316

0.0058316

0.0058316

0.0058316

0.0050021

0.0058316

0.0058316

0.0058316

0.0058316
0.0058316

0.0058316

0.0042163

0.0052778

0.0044138

0.0058316

0.0058316

0.0042163

0.0058316

0.0044713

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889
0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889
0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889



SCPEP1; CTSF;

AR;

AREG;

CNTN2;

WNT3A;

CNTN2;

BDKRB2;

WNT3A;

XDH; ACE2;

HMGA2;

XDH;

S100A8; S100AS9;

HMGA2; RUNX3;
CHRNAT7;
TMPRSS11E;
EREG; AREG;
EREG; AREG;

C6;

SPNS2;
HMGA2; PADI1;
TSPANS; BDKRB2;

LIFR; DOK1;
PI3;

G0:0051603~proteolysis
involved in cellular protein
catabolic process
G0:0060520~activation of
prostate induction by androgen
receptor signaling pathway
G0:0060598~dichotomous
subdivision of terminal units
involved in mammary gland duct
morphogenesis
G0:0071206~establishment of
protein localization to
juxtaparanode region of axon
G0:0090676~calcium ion
transmembrane transport via
low voltage-gated calcium
channel
G0O:0097090~presynaptic
membrane organization
G0:1902239~negative
regulation of intrinsic apoptotic
signaling pathway in response to
osmotic stress by p53 class
mediator

G0:2000081~positive regulation
of canonical Wnt signaling
pathway involved in controlling
type B pancreatic cell
proliferation
G0:2000379~positive regulation
of reactive oxygen species
metabolic process
G0:2000685~positive regulation
of cellular response to X-ray
G0:2001213~negative
regulation of vasculogenesis
G0:2001244~positive regulation
of intrinsic apoptotic signaling
pathway
G0:0002062~chondrocyte
differentiation
G0:0050890~cognition

GO0:0043434~response to
peptide hormone
G0:0045740~positive regulation
of DNA replication
G0:0001970~positive regulation
of activation of membrane
attack complex
G0:0002920~regulation of
humoral immune response
G0:0006325~chromatin
organization

G0:0007166~cell surface
receptor signaling pathway
G0:0007620~copulation

117

31

29

30

39

39

40

40

41

269

6.451613

100

100

100

100

100

100

100

6.896552

100

100

6.666667

5.128205

5.128205

50

50

4.878049

1.486989

50

0.0042163

0.0058316

0.0058316

0.0058316

0.0058316

0.0058316

0.0058316

0.0058316

0.0037274

0.0058316

0.0058316

0.0039683

0.0064488

0.0064488

0.0067583

0.0067583

0.0087347

0.0087347

0.0070745

0.008648

0.0087347

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.041990889

0.045391794

0.045391794

0.046664445

0.046664445

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423



XDH;

CLEC7A;

PTPRG; WNT3A;

C4B;

S100A9;

CRYAB; AREG;

AR;

BMPR1B; ABLIM3;
AR; HMGA2;
WNT3A; GRHL3;
NDN; BARX2;
WNT3A;

AR;

WNT3A;

CNTN2;

CNTN2;

AR;

AR;

WNT3A;

WNT3A; SLC7A11;

SERPINB7;

HMGA2;

DMKN;

MGLL;

ECM1;

G0:0009115~xanthine catabolic
process
G0:0009756~carbohydrate
mediated signaling
G0:0010977~negative
regulation of neuron projection
development
G0:0032490~detection of
molecule of bacterial origin
G0:0035606~peptidyl-cysteine
S-trans-nitrosylation
GO0:0042542~response to
hydrogen peroxide
GO0:0045720~negative
regulation of integrin
biosynthetic process
G0:0045944~positive regulation
of transcription from RNA
polymerase |l promoter

G0:0048343~paraxial
mesodermal cell fate
commitment
G0:0048638~regulation of
developmental growth
G0:0048697~positive regulation
of collateral sprouting in
absence of injury
G0:0048710~regulation of
astrocyte differentiation
G0:0060168~positive regulation
of adenosine receptor signaling
pathway

G0:0060599~Iateral sprouting
involved in mammary gland duct
morphogenesis
G0:0060748~tertiary branching
involved in mammary gland duct
morphogenesis
G0:0061317~canonical Wnt
signaling pathway involved in
cardiac muscle cell fate
commitment
G0:0070527~platelet
aggregation
G0:0090362~positive regulation
of platelet-derived growth
factor production
G0:0090402~oncogene-induced
cell senescence
G0:1903575~cornified envelope
assembly
G0:2000124~regulation of
endocannabinoid signaling
pathway
G0:2000404~regulation of T cell
migration

1 2
1 2
2 41
1 2
1 2
2 45
1 2
8 962
1 2
1 2
1 2
1 2
1 2
1 2
1 2
1 2
2 42
1 2
1 2
1 2
1 2
1 2
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50

50

4.878049

50

50

4.444444

50

0.831601

50

50

50

50

50

50

50

50

4.761905

50

50

50

50

50

0.0087347

0.0087347

0.0070745

0.0087347

0.0087347

0.0084047

0.0087347

0.0079646

0.0087347

0.0087347

0.0087347

0.0087347

0.0087347

0.0087347

0.0087347

0.0087347

0.0073972

0.0087347

0.0087347

0.0087347

0.0087347

0.0087347

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423

0.047258423



HMGA2;

HMGA2;
FMOGP; XDH;
CYP2A13; SCD5;
SDR9C7; RDH12;
ACE2;

CLEC7A;

KLK7;

ACE2;

ITLN1;

ACE2;

AR; EMP1;
NLGN2; NDN;

WNT3A; RUNX3;
CRYAB;

ACE2;

HMGA2;

HMGA2; NDN;
EREG;

CRYAB; SERPINB2;
CEACAMS; FLT4;
HMGA2;
S100A12; ECM1;
GPRCSB;

TGM1;

CNTN2;

AR;

GCNTS3;

NDN;

G0:2001033~negative
regulation of double-strand
break repair via nonhomologous
end joining
G0:2001038~regulation of
cellular response to drug
G0:0055114~oxidation-
reduction process

G0:0002005~angiotensin
catabolic process in blood
G0:0002366~leukocyte
activation involved in immune
response
G0:0002803~positive regulation
of antibacterial peptide
production
G0:0003051~angiotensin-
mediated drinking behavior
G0:0009624~response to
nematode
G0:0015827~tryptophan
transport

G0:0016049~cell growth

G0:0019233~sensory
perception of pain
G0:0030097~hemopoiesis

GO0:0032387~negative
regulation of intracellular
transport
G0:0032800~receptor
biosynthetic process
G0:0035986~senescence-
associated heterochromatin
focus assembly
G0:0040008~regulation of
growth
G0:0042700~luteinizing
hormone signaling pathway
G0:0043066~negative
regulation of apoptotic process

G0:0043123~positive regulation
of I-kappaB kinase/NF-kappaB
signaling

G0:0043163~cell envelope
organization
G0:0045163~clustering of
voltage-gated potassium
channels

G0:0045726™~positive regulation
of integrin biosynthetic process
G0:0048729tissue
morphogenesis
G0:0048871~multicellular
organismal homeostasis

1 2
6 599
1 3
1 3
1 3
1 3
1 3
1 3
2 54
2 52
2 54
1 3
1 3
1 3
2 51
1 3
5 445
3 157
1 3
1 3
1 3
1 3
1 3
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50

50

1.001669

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

3.703704
3.846154

3.703704
33.33333

33.33333

33.33333

3.921569

33.33333

1.123596

1.910828

33.33333

33.33333

33.33333

33.33333

33.33333

0.0087347

0.0087347

0.0089981

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.01177
0.0109786

0.01177
0.0116293

0.0116293

0.0116293

0.0105921

0.0116293

0.0106378

0.0117217

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.047258423

0.047258423

0.048322925

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962
0.049611962

0.049611962
0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962



PALM;

FLT4;

BMPR1B;

AR;

WNT3A;

RHCG;

CLEC7A;

AR;

WNT3A;

NLGN2;

BMPR1B;

PTPRG;

ACE2;

WNT3A;

WNT3A;

NLGN2;

G0:0060160~negative
regulation of dopamine receptor
signaling pathway
G0:0060312~regulation of
blood vessel remodeling
G0:0060350~endochondral
bone morphogenesis
G0:0060769~positive regulation
of epithelial cell proliferation
involved in prostate gland
development
G0:0061184~positive regulation
of dermatome development
G0:0070634~transepithelial
ammonium transport
G0:0071226~cellular response
to molecule of fungal origin
G0:0090003~regulation of
establishment of protein
localization to plasma
membrane

G0:0090245~axis elongation
involved in somitogenesis
G0:0097116~gephyrin
clustering involved in
postsynaptic density assembly
G0:1902731~negative
regulation of chondrocyte
proliferation
G0:1903385~regulation of
homophilic cell adhesion
G0:1903598~positive regulation
of gap junction assembly
G0:1904339~negative
regulation of dopaminergic
neuron differentiation
G0:1904798~positive regulation
of core promoter binding
G0:1904862~inhibitory synapse
assembly

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

33.33333

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.0116293

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

0.049611962

Supplemental Table 3.2 GO enrichment analysis

GO terms with a padj value <0.05
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Chapter 4: Characterization of alcohol-exposed airway cells

Kristen F. Easley, Ryan Reed, and Michael Koval

This work is in the preliminary phase of data analysis and has not been published.

4.1 Abstract

Chronic alcohol use significantly increases people’s risk of developing lung infections and
acute respiratory distress syndrome (ARDS). This increased sensitivity to injury is caused in part
by dysfunction of the alveolar epithelial barrier. However, little is known about how alcohol
impacts epithelial cells in the conducting airway, i.e. the trachea and bronchi, which are the first
line of defense against infectious pathogens in the lungs. | treated healthy human bronchial
epithelial cells with 10mM, 60mM and 100mM ethanol and found that ethanol-treated airway cells
had a decrease in barrier function during differentiation but had similar barrier function to
untreated cells once differentiation into a mucociliary monolayer was complete. Additionally,
primary airway epithelial cells isolated from healthy (non-AUD) and alcoholic (AUD) patients
had a similar barrier function result and most samples from chronic alcohol users remained
migratory and in an “unjammed” state, since areas of stretched cells and swirls of cells were
present after differentiation. Rat tracheal cells were more susceptible to in vitro ethanol exposure
since barrier function was significantly lower than untreated cells once differentiation was
complete. The protein junctional adhesion molecule A (JAM-A) regulates barrier function and
epithelial cell migration and may play a role in causing the sustained unjammed phenotype,
although in vitro exposure did not decrease JAM-A expression. | also discovered that unjamming

may be an age-dependent phenotype, though further analysis must be done to confirm this.
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4.2 Introduction

Since 1785, chronic alcohol use has been linked to an increase in the risk of developing
pulmonary infections (1). Chronic alcohol use also increases the incidence of acute respiratory
distress syndrome (ARDS) by 3-4 fold (2). ARDS is due to alveolar flooding, with sepsis from
bacterial pneumonia being one of the most common causes. Further, the mortality rate of ARDS
is unacceptably high at 35 to 55%. The increase in risk of infection and ARDS due to chronic
alcohol use is due to multiple factors: oxidative stress, lung immune system dysfunction, and
alveolar barrier dysfunction (3, 4, 5). However, we have yet to understand how the conducting
airway epithelial barrier, the first line of defense against pathogens in the lung, is impacted by
chronic alcohol use.

Little is known about how chronic alcohol use impacts the conducting airway epithelial
cell barrier other than that it causes improper beating of cilia on ciliated cells (6, 7). Acute alcohol
exposure studies in vitro show a decrease in tight junction protein expression and barrier function
of airway cells; but acute vs chronic exposure can have drastically different effects (8). Airway
epithelial cells contain cell adhesion complexes, including tight junctions, that regulate the
permeability of ions and small molecules between cells and into the sterile interstitium of the lung.
Tight junctions consist of transmembrane proteins that directly control paracellular permeability
connected to the actin cytoskeleton by cytosolic scaffold proteins such as ZO-1 and ZO-2 (9). The
transmembrane protein Junctional Adhesion Molecule A (JAM-A) regulates paracellular
permeability of small molecules (~3-4 kDa) and coordinates with other transmembrane proteins to
regulate overall tight junction integrity and barrier function (10, 11). In addition, there is evidence
that JAM-A inhibits migration of epithelial cells; for instance, breast cancer cells with low levels

of JAM-A are more migratory and invasive than cells highly expressing JAM-A (12, 13).
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To elucidate how chronic alcohol exposure impacts conducting airway epithelial cells, we
treated healthy human and rat airway cells with ethanol in vitro and measured barrier function by
transepithelial electrical resistance (TER). Additionally, we examined cultured bronchial
brushings from chronic alcoholic patients. In vitro ethanol exposure caused a decrease in
transepithelial electrical resistance (TER) during differentiation in human airway cells, but this
result was not sustained upon the completion of differentiation (day 14). Rat airway cells have
increased sensitivity to ethanol exposure since barrier function was lower in treated cells on day
14 of differentiation. Airway epithelial cells isolated from healthy (non-AUD) and alcoholic
(AUD) patients had similar barrier function responses to in vitro treated cells, in that TER was
similar on day 14, but the non-AUD sample had increased TER during differentiation compared
to the AUD sample. Additionally, we found that most of the AUD samples exhibited an
exaggerated “unjammed” morphology, characterized by areas of stretched cells and swirls of cells
across the monolayer. As a recent example of unjamming in airway epithelial disease, airway cells
from asthma patients cultured in vitro exhibit the sustained unjammed phenotype (18-19). Upon
examination however, we found that unjamming positively correlates with patient age. Some AUD
patient samples showed diminished JAM-A although healthy cells treated with ethanol do not
show a decrease in JAM-A expression. Taken together, these data reveal that alcohol exposure
may affect barrier function of airway cells at sites of active differentiation or repair. More
experiments need to be performed to determine if JAM-A plays a role in unjamming and whether

this is caused by chronic alcohol exposure.

4.3 Material and Methods

4.3.1 Donor Consent
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Research involving human research participants was performed in accordance with the
Declaration of Helsinki guidelines. All human subject protocols were reviewed and approved by
the Emory University Institutional Review Board and the Atlanta Veterans Affairs Health Care
System Research and Development Committee. Potential subjects for study enrollment were
screened using the Short Michigan Alcohol Screening Test and AUD Identification Test (16, 17).
Individuals with a history of AUD were recruited from the Substance Abuse Treatment Program
at the Atlanta Veterans Affairs Health Care System, and otherwise healthy control subjects were
recruited from general Veterans Affairs medical clinics (14). Additional subject inclusion criteria
included active alcohol abuse, in which the last alcoholic drink was <8d prior to bronchoscopy.
Subjects were excluded if they primarily abused substances other than alcohol, were HIV positive,

or had abnormal chest radiographs.

4.3.2 Airway epithelial cell culture and EtOH treatment

Cells from bronchial brushings were expanded in co-culture with irradiated 3T3 fibroblast
feeder cells in F+Y reprogramming media (FYRM) as previously described (15). FYRM was
changed every other day until the cells were ~70-90% confluent and then the cells were isolated
by first removing the 3T3 feeder layer using calcium/magnesium-free phosphate buffered saline
supplemented with 1 mM EDTA (PBS/EDTA), followed by detaching epithelial cells by
incubating with Accutase (Sigma-Aldrich #A6964) at RT for 10 minutes. For experiments, cells
were thawed, expanded using FYRM and then seeded on Transwell permeable supports pre-coated
with type IV collagen (Sigma-Aldrich #C7521) at a density of 150,000 cells per 6.5 mm Transwell
(Costar #3450, 24 well) or 350,000 cells per 12 mm Transwell (Costar # 3460, 12 well) in E-ALI

medium (15). E-ALI medium was based on previous formulations with modifications to glucose
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(150 mg/dl; 8.3 mM), CaClz (1 mM), heparin (2 pug/ml), L-glutamine (2.5 mM), hydrocortisone
(960 mg/ml), bovine pituitary extract (20 pg/ml), and Mg?* (0.5 uM). E-ALI medium is changed
every other day with washing of the apical surface (15). Using this protocol, monolayers were fully
differentiated 14 days after transitioning to ALI.

Human airway cells were treated with ethanol for 10 days at the basal cell stage and
continued treatment during differentiation at a low, medium and high concentrations as previously
described (20, 21). Rat airway cells were not dosed at the basal cell stage. Ethanol treated cells
were grown and differentiated in a separate incubator from no treatment control to avoid ethanol

vapor effects.

4.3.3 Rat airway epithelial cell isolation and culture

Rat lungs were removed from animal and tracheas and bronchi were isolated. They were
sliced into small rings and washed with HBSS containing antibiotics and digested in 1% protease
solution consisting of Ham’s F-12 medium (Hyclone #SH30026.FS) supplemented with 1.0% w/v
Protease X1V (Sigma-Aldrich #P5147), 0.1% w/v DNAse | (Sigma-Aldrich #DN25), for 16 hours
at 4 degrees. Large pieces of tissue were removed and remaining cells were collected and mixed
with ImL FBS. Cells were centrifuged at 500xg for 10 minutes. Cells were resuspended in 10mL
F12 containing 5mg DNAse and 100mg BSA to disrupt cell clumps. Cells were incubated on ice
for 5 minutes followed by filtration through a 100um filter. Cells were centrifuged again and
resuspended in medium for plating on 6 well dishes with 3t3 fibroblasts and rat F+Y medium.
Once cells were confluent, they were similarly passaged and seeded on Transwell permeable
supports coated with type I rat tail collagen (Roche #45-11179179001). FYRM and E-ALI reagent

concentrations were altered for rat cells from media formulations previously used in our lab (15,
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22). Same products were used unless otherwise indicated. For 500mL FYRM: 112.5mL DMEM
(4.5g9/L glucose) (Sigma-Aldrich #D6429), 362.5mL F12 Hams, 25mL FBS, 5ug/mL Insulin
(Sigma-Aldrich #11882), 24ug/mL Adenine, 8.33ng/mL Cholera Toxin, 10ng/mL epidermal
growth factor (Sigma, #E4127), 480 ng/mL hydrocortisone, 200ng/mL Voriconazole, 0.2%
Primocin, 0.1% Plasmocin. For 500mL E-ALI: 235mL DMEM (4.5¢/L glucose) (Sigma-Aldrich
#D6429), 235mL F12 Hams, 50ug/mL Penicillin/Streptomycin (Gibco, #15070063), 5ug/mL
Insulin (Sigma-Aldrich #11882), 0.1ug/mL Hydrocortisone, 0.1ug/mL Cholera Toxin, 5ug/mL
Transferrin, 500nM Phospohethanolamine, 500nM Ethanolamine, 25ng/mL epidermal growth
factor (Sigma-Aldrich, #£4127), 0.5% bovine pituitary extract, 30mM HEPES, 1.5mg BSA, 5x10°

8M Retinoic Acid.

4.3.4 Transepithelial Resistance (TER)

TER was measured using an EVOM Voltohmmeter (World Precision Instruments,
#EVOM?2). Before measuring, cells were washed with Dulbecco’s Phosphate Buffered Saline
containing Ca*? and Mg*? (DPBS, Corning # 21-030-CV) followed by a 15-minute incubation at
37°C in Ringer’s solution (140 mM NaCl, 5 mM KCI, 0.36 mM K2HPOa, 0.44mM KH2PO4, 1.3
mM CaClz e 2 H20, 0.5 mM MgClz e 6 H20, 4.2 mM NaHCOs, 10 mM Na HEPES, 10 mM

glucose).

4.3.5 Immunofluorescence Microscopy
Cells on Transwell permeable supports were rinsed with DPBS then fixed with 4%
paraformaldehyde (PFA) for 10 minutes at RT in the dark. This was followed by a DPBS rinse

and 2 minutes of fixation in 1:1 methanol/acetone at RT. Cells were then washed 3x with DPBS.
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Cells were permeabilized in 0.5% Triton X-100/DPBS++ for 5 minutes, followed by two 5-minute
incubations in blocking solution (0.5% Triton X-100 and 5% Goat serum in DPBS). Primary
antibodies were added (diluted in 3% BSA in DPBS) and incubated overnight at 4°C. The cells
were washed 3x with DPBS and then incubated for 1h at RT with fluorescent secondary antibodies
diluted in 3% BSA. The secondary antibodies were removed and the cells were further incubated
for 10 minutes in Hoechst 33342 (ThermoFisher # 62249) diluted 1:1000 in DPBS to stain nuclei.
Cells were washed 3x with DPBS, and Transwells were mounted on slides using Vectashield
mounting solution (Vector Labs #H-1000-10).

Primary antibodies used for immunofluorescence: rabbit anti-ZO-1 (Invitrogen 402200,
1:100 dilution) and Mouse anti JAM-A (abcam #ab267407, 1:100 dilution). Secondary antibodies
used for immunofluorescence: Alexa fluor 568 goat anti-mouse (Invitrogen A11031, 1:1500
dilution) Alexa fluor 488 goat anti-rabbit (Invitrogen #A11034, 1:1500 dilution). Images were
taken using either a Nikon Ti Eclipse with epifluorescence and processed using 3D deconvolution

and FIJI.

4.3.6 Statistics

Statistics were calculated using Graphpad Prism 8.0 and significance was determined using
ordinary two-way ANOV A with Sidak’s multiple comparison test (ethanol-treated non-AUD and
AUD cells) or two-way ANOVA with Tukey’s multiple comparisons test (ethanol-treated human

and rat cells).

4.4 Results

4.4.1 Ethanol treatment in vitro decreases barrier function only during differentiation
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To determine if ethanol treatment in vitro decreases barrier function, healthy bronchial
cells were expanded and differentiated in the presence or absence of either 10mM, 60mM and
100mM ethanol. These concentrations represent blood alcohol concentrations (BAC) of low intake
of alcohol, average BAC of someone with alcohol poisoning, and average BAC of chronic alcohol
users, respectively (Overgaard, Szabo). Expansion occurs for approximately 10 days and air-liquid
interface (ALI) differentiation from basal cells to a mucocilliary monolayer containing ciliated
cells, secretory cells and basal cells is complete in 14 days. Ethanol treatment in vitro decreases
the transepithelial electrical resistance (TER) in three independent samples (Figures 4.1A, 4.1B
and 4.1C) but only during differentiation in most samples (day 3, day 8, day 10). Depending on
the sample and day of TER measurement, this response occurs in a dose dependent manner. By
day 14, two samples have similar TER values between control and ethanol treated cells. This result
is similar to baseline TER measurements in Chapter 3 comparing non-AUD and AUD TER on
Day 14 (Figure 3.2G). In many cases, untreated cells have a higher TER during differentiation
(day 3, day 8 or day 10) compared to once differentiation is complete (day 14). For ethanol treated
cells, this is mostly not the case.

In addition to our in vitro bronchial cell culture system, our lab frequently utilizes rodent
models to study alcohol use disorder on lung function. | adapted our human airway cell isolation
protocol, F+Y media and E-ALI media for rat cells (22) to eventually combine our alcohol-fed rat
model with in vitro studies. The rat cells did not passage well past pl, and, therefore, I did not
expose them to ethanol during this comparatively short basal-cell stage. | found that the rat airway
cells are more sensitized to 60mM ethanol treatment (Figure 4.1D) compared to the human airway
cells. For untreated cells, TER was higher on day 14 compared to day 3. On day 14, TER was

significantly lower in ethanol-treated cells compared to untreated cells. This highly sensitized
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model system may be useful to identify potential changes in tight junction protein levels and
regulation due to ethanol exposure.

In addition to culturing healthy bronchial cells from human patients (non-AUD), we also
cultured bronchial cells isolated from patients with AUD. Since AUD cells were only exposed to
alcohol and its metabolites in vivo, | wanted to determine if barrier function would change due to
60mM and 100mM ethanol treatment. In Figure 4.1E, | show that ethanol treatment in vitro
decreases TER in the non-AUD cells only during differentiation (day 6 and day 9), which is a
similar result to the healthy samples in Figures 4.1A, 4.1B and 4.1C. Interestingly, the TER of the
AUD sample does not change when exposed to ethanol. In addition, the TER of the non-AUD
sample is significantly higher during differentiation compared to the AUD sample, and | observed
no difference in TER on Day 14 between the non-AUD cells and AUD cells, similar to the results
in Figures 4.1A, 4.1B, 4.1C. On day 3 of differentiation, the cultures are mostly basal cells with
varying degrees of differentiation and cell-type ratios on days 6, 8, 9 and 10. These timepoints
could represent localized spots of monolayer repair in vivo. Taken together, these data suggest that
airway cells increase barrier function during repair to protect against flux of macromolecules and
microbes into the interstitial space. Ethanol exposure may negate this phenotype and render airway

cells more susceptible to infection.

4.4.2 Most AUD patient samples are unjammed

To determine if chronic ethanol use alters bronchial cell shape, we cultured and
differentiated non-AUD and AUD cells and stained for the tight junction protein ZO-1. Staining
for ZO-1 easily reveals the shape of airway cells. Cells from two non-AUD patients exhibit a

normal, cobblestone-like pattern (Figure 4.2A) revealing cells of different sizes. Most AUD patient
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samples (Figure 4.2B) exhibit an interesting pattern where cells appear stretched and, in some
cases, are larger than non-AUD cells (AUD2). This phenotype is known as unjamming and
indicates that cells are undergoing collective cell migration across the monolayer, which is not a
typical function of differentiated airway cells. It is important to note that AUD5 does not seem to
exhibit the unjammed phenotype. While different exposures to and diseases of the airway can

cause unjamming in vitro (18, 19), chronic alcohol use is potentially a previously unknown cause.

4.4.3 Some AUD patient samples show diminished JAM-A

Loss of the tight junction protein JAM-A has been implicated in collective cell migration
(12, 13). I stained for JAM-A and observed that AUD2, AUD4 and AUD5 have low expression of
JAM-A (Figure 4.3B) compared to non-AUD samples (Figure4.3A). Differences in cell size
between non-AUD and AUD cells makes this result difficult to measure but can be observed
qualitatively. It is important to note that AUD samples with higher JAM-A expression, such as
AUDL, still exhibit the unjammed phenotype. More patient isolates would be needed to correlate

chronic alcohol use in vivo differential levels of JAM-A expression.

4.4.4 Ethanol treatment in vitro does not decrease JAM-A expression and may cause
unjamming.

To determine if ethanol exposure decreases JAM-A expression, and therefore, causes
unjamming, we stained the bronchial cells dosed with three concentrations of ethanol for JAM-A
(Figure4.4). We found that dosing cells with ethanol in vitro does not decrease JAM-A expression
nor alter JAM-A localization. The control cells show unjamming to a low degree, while the 10mM

and 60mM ethanol treated cells exhibit the unjammed phenotype. Interestingly, the 100mM
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ethanol treated cells did not show unjamming, which indicates that this phenotype may depend on
the ethanol dosage. It is possible that 24 days of ethanol exposure is not enough to generate the
severe unjammed phenotype or decrease in JAM-A levels that we see in some AUD patient
samples. This experiment would need to be repeated with additional bronchial cell isolates as well

as for a longer incubation time to determine if chronic ethanol exposure causes unjamming.

4.4.5 Unjamming correlates with patient age

To further determine if AUD or additional variables correlate with unjamming, we created
a table of patient samples and observed smoking status, gender and age (Table 4.1). The samples
collected from patients aged 43 and older all exhibit unjamming, while samples from patients aged
29 and younger do not have the unjammed phenotype. There does not appear to be any correlation
of unjamming with between AUD and smoking status or sex, although more samples are needed
to determine this. The ability for lung cells to properly repair and regenerate in response to insults
decreases as we age (23). We can potentially use our model system to capture this correlation and

study how aging, in addition to alcohol use disorder, causes unjamming in airway epithelial cells.

4.5 Discussion

Alcohol Use Disorder (AUD) significantly increases the risk of patients developing ARDS
due to a respiratory infection or ventilator use (27). The mechanisms behind this increased risk
include increased oxidative stress (lack of antioxidant activity), lung immune system dysfunction,
and alveolar barrier dysfunction (3, 4, 5). The airway epithelium is the first line of defense against
pathogens in the lung, and we have yet to understand how chronic alcohol use impairs the function

of these cells or their ability to repair and regenerate. In this study, we investigate how in vitro and
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in vivo alcohol exposure impact barrier function of differentiating and fully differentiated cells,
tight junction proteins and collective cell migration.

Epithelial cell barrier function is important for proper flux of ions, fluids and
macromolecules across the cell barrier and keeping pathogens and toxins from entering the sterile
environment of the lung (24, 25, 26). In rodent models, chronic alcohol exposure has been shown
to negatively impact endothelial and alveolar barrier function (27, 28). To study how chronic
ethanol use effects the barrier of airway cells, we utilized our physiologically improved in vitro
culture system introduced in Chapter 2 to derive and culture airway cells from patients with and
without AUD. We took a subset of healthy human and rat cells and treated them with 10mM,
60mM and 100mM ethanol for up to 24 days and compared the effects to AUD cells.

We found that in three separate patient samples, ethanol treatment in vitro decreases the
transepithelial electrical resistance (TER) but only during differentiation in most samples (Figures
4.1A-4.1C) For most samples, especially on day 8 and day 10 of differentiation, we see that
untreated cells have higher barrier function compared to day 14. A similar result is seen when we
treat non-AUD cells with 60mM and 100mM ethanol (Figure 4.1E). Early days of differentiation
in our model system could potentially represent localized spots of repair and regeneration since
the cultures contain mostly basal cells. The TER for 60mM and 100mM ethanol treatment
compared to control on day 3 is quite striking. To our knowledge, the effects of chronic alcohol
exposure on basal cells in the lung have not been studied, although many groups have observed
detrimental responses to stem cells pools in other organ systems (29). Reduced proliferation and
promotion of epithelial to mesenchymal transition (EMT) are observed changes when hepatic stem
cells are exposed to alcohol (30). In intestinal stem cells, alcohol exposure decreases the expression

of stem cell markers (31). Because basal cells differentiate into cell types found in the airway

149



epithelium, any alterations in basal cell function and differentiation potential due to chronic
ethanol exposure would be detrimental to airway function.

Interestingly, we found that rat airway cells did not respond to in vitro ethanol exposure in
a similar fashion to human airway cells, although it is important to note that the basal cells were
not exposed to ethanol during the expansion stage. In control cells, barrier function increased from
day 3 to day 14 of differentiation (Figure 4.1D). We observed a significant decrease in 60mM
ethanol treated cells on day 14 compared to control. This result is similar to what we observe when
we isolate and culture alveolar epithelial cells from alcohol- and control-fed rats (28). It is certainly
possible that rat airway cells respond differentially and are more susceptible to ethanol exposure
than human airway cells. Because bronchial brushings from AUD patients are not readily
available, we aim to combine the alcohol-fed rat model and in vitro culture system in the future to
study how long-term ethanol exposure impacts airway cells.

Additionally, we found that 4 out of 5 AUD patient samples exhibit unjamming, while non-
AUD cells exhibit normal morphologies (Figure 4.2). Ethanol exposure in vitro may cause
unjamming, although this experiment will need to be repeated with additional primary cell isolates
(Figure 4.4). Unjamming is a form of collective cell migration and is distinct from EMT (32).
Collective cell migration is a necessary cellular mechanism that occurs during development and
repair. However, there are many cases where unjamming of the airway epithelium is a response to
mechanical stress, irradiation, and pro-inflammatory cytokines (19, 33). Additionally, airway cells
cultured from asthmatic patients exhibit a prolonged unjammed phenotype (19).

In Figures 4.2 and 4.3, we observed areas of the monolayer where AUD cells appear larger

in size. This result may be due to bunching of the Transwell due to unjamming rather than actual

change in cell size. Future directions include using confocal tile imaging and generating 3D

150



renderings of the entire monolayer to accurately determine if AUD cells are larger in size.

Because the tight junction protein JAM-A has been linked to collective cell migration, we
stained for JAM-A in differentiated non-AUD and AUD cells and observed any changes in
intensity and/or localization. We found that AUD2, AUD4 and AUD5 have decreased JAM-A
intensity compared to non-AUD cells (Figure 4.3). However, the differences in cell size between
samples make this difficult to quantify. Future directions for this experiment include using image
processing to develop an accurate way to measure and compare JAM-A intensity in cells of
different sizes. We can correlate this with gRT-PCR and immunoblot probing for JAM-A. It is
important to note that AUD cells that have higher JAM-A expression may also exhibit the
unjammed phenotype (AUD1) so there is no correlation between these two outcome variables.

To test whether a decrease in JAM-A correlates with or causes unjamming, we performed
immunofluorescence in differentiated cells exposed to 3 concentrations of ethanol for 24 days. We
found that JAM-A does not decrease with ethanol treatment in vitro and that unjamming may occur
depending on the ethanol dose (Figure 4.4). The control cells are slightly unjammed, while the
10mM and 60mM ethanol treated cells do exhibit unjamming. Surprisingly, the 100mM ethanol
treated cells are completely jammed. Only one primary cell line was used for this experiment, and
we would benefit from repeating this experiment with more cell isolates. An additional future
direction would include knocking down JAM-A in basal cells, differentiating them into a
mucocilliary monolayer and measuring unjamming. We should also measure TGF-beta levels in
both in vivo and in vitro ethanol-exposed cells, since TGF-beta increases with chronic alcohol use
and is known to cause unjamming (33).

In Table 1, we determined that unjamming status most closely correlated with age, and was

irrespective of AUD status, smoking status and sex. Differentiated cells from patients aged 43 and
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older all exhibit the unjammed phenotype while cells from patients aged 29 and younger did not
exhibit the unjammed phenotype. Aging is a complex phenomenon; but in this case, aging could
refer to diminished capacity of repair, leading to unwarranted collective cell migration potentially
at the expense of differentiation. For example, cells expressing senescence markers such as GDF15

might be prone to unjamming (34). Future work would help determine whether this is the case.
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Figure 4.1 Ethanol treatment in vitro decreases barrier function only during

differentiation.
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(A-C) Non-diseased bronchial cells from three different patients were dosed with no treatment
(grey) 10 (salmon), 60 (blue) and 100mM (yellow) ethanol at the basal cell stage for 10 days and
during differentiation for 14 days. TER (ohms x cm?) was measured on day 3, day 8, day 10 and

day 14 of differentiation. N=5-6 Transwells per sample, per treatment. (D) NrTE= normal rat



tracheal cells. Isolation and culture of NrTEs are described in Methods. N=3 Transwells per
sample, per treatment. (E) AUD=AIcohol Use Disorder. Cells from one non-AUD patient and one
AUD patient were used. TER was measured on day 6, day 9 and day 14. Cells were dosed with
ethanol for 10 days at the basal cell stage and during differentiation for 14 days. N= 4 Transwells

per sample, per treatment. *=p <0.05, **=p <0.01, ***=p <0.001 and ****=p < 0.0001.
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A Non-AUD

Figure 4.2 Most AUD cells are unjammed.

AUD= Alcohol Use Disorder. Non-diseased bronchial cells (A) and bronchial cells form AUD
patients (B) were differentiated, processed for immunofluorescence, and stained for the tight
junction protein ZO-1. Number above image is the sample identifier. All samples were imaged at

40x magnification.
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Figure 4.3 Some AUD patient samples show diminished JAM-A.

AUD= Alcohol Use Disorder. Non-diseased bronchial cells (A) and bronchial cells form AUD
patients (B) were differentiated, processed for immunofluorescence, and stained for the tight
junction protein JAM-A. Number above image is the sample identifier. All samples were imaged

at 40x magnification.
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Figure 4.4 Ethanol treatment in vitro does not decrease JAM-A expression and may cause
unjamming.
Non-diseased bronchial cells were dosed with 10mM, 60mM and 100mM ethanol or without
ethanol (control) at the basal cell stage for 10 days and during differentiation for 14 days. Cells
were differentiated, processed for immunofluorescence, and stained for the tight junction proteins
JAM-A (red) ZO-1 (green). Third column indicates merge of red and green channels with Hoechst
33342 dye staining nuclei (blue). N=1 Transwell with 5 fields per view captured for each condition.

All samples were imaged at 40x magnification.
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Identifier | AUD? | Age |Unjammed?|Smoker? Sex
1 No ~2 no No Male
2 No 3 no No Male
3 No 20 no No Male
4 No 56 yes No Male
5 No 29 no Yes Male
6 No 58 yes Yes Male
1 Yes 43 yes No Female
2 Yes 50 yes Yes Male
3 Yes 52 yes Yes Male
4 Yes 51 yes No Male
5 Yes 27 no No Female

Table 4.1. Unjamming correlates with patient age.
Patient sample identifiers match identifiers in Figures 4.2 and 4.3 above immunofluorescence
images. Orange shading represents the correlation between age and unjamming status. Older
patient samples exhibit the unjammed phenotype, regardless of AUD status, smoking status and

Sex.
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Chapter 5: Conclusions and Future Directions

5.1 Overview of findings and significance

Understanding how the airway epithelium responds to insults is key for developing and
improving therapies for diseases that affect the airway. The airway epithelium is the first line of
defense against inhaled pollutants and pathogens, and diseases that directly and indirectly impact
the airway can alter the cellular response to these insults. In an effort to mimic the in vivo
microenvironment of the airway, we created E-ALI medium with physiologic glucose levels that
supports differentiation of primary bronchial epithelial cells in culture (Chapter 2) and provides a
platform for studying airway epithelial cell function. We found that bronchial epithelial cells
differentiated in E-ALI medium showed insulin-stimulated glucose uptake and increased barrier
function, which were both inhibited by high glucose concentrations. This medium also supported
primary nasal CF airway epithelia as demonstrated by immunofluorescence of airway cell markers
and electrophysiological analysis. These results have implications for how hyperglycemia may
impact airway cell metabolism and function, in addition to overall lung health.

We leveraged this physiologically improved in vitro model to study how chronic alcohol
use and SARS-CoV-2 infection impact bronchial epithelial cell function (Chapter 3). Bulk RNA
sequencing analysis of bronchial cells from non-AUD and AUD patients revealed 117 upregulated
differentially expressed (DE) genes and 47 downregulated DE genes in AUD cells compared to
non-AUD cells. In AUD cells, SARS-CoV-2 receptors ACE2 and two TMPRESS isoforms were
upregulated while genes related to antioxidant defenses, cell repair and innate immune function
were downregulated. GO enrichment analysis indicated that AUD cells adapted an inflammatory,

epidermal profile that indicates that AUD cells may be primed for a more severe infection. We
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infected the non-AUD cells and AUD cells with SARS-CoV-2 for 72 hours and found that the
barrier function of AUD cells did not recover after 72 hours, while the barrier function of non-
AUD cells recovered above baseline. SARS-CoV-2 infection of both AUD and non-AUD cells
displayed a decrease in [ catenin expression, an adherens junction protein important for
maintaining cell-cell contacts. Lastly, multiplex analysis of cytokine secretion by SARS-CoV-2
infected cells revealed that many pro-inflammatory cytokines, including IL-1f and IFNy, showed
higher levels of secretion by AUD cells during the 72h period post-infection as compared to non-
AUD cells. Taken together, our data suggests that AUD may prime airway cells for a worse
outcome in SARS-CoV-2 infection. AUD cells are not cultured in the presence of alcohol, but our
results indicate that chronic alcohol use has lasting effects. How chronic alcohol exposure alters
the epigenome of airway epithelial cells should be examined.

To further understand the molecular mechanisms underlying alcohol’s detrimental impacts
on airway epithelial cell barrier function, we dosed basal stem cells with a low, medium and high
concentration of ethanol during expansion and differentiation (Chapter 4). | found that ethanol-
treated bronchial cells had a decrease in transepithelial electrical resistance (TER) during
differentiation but had similar barrier function to untreated cells once differentiation into a
mucociliary monolayer was complete. Additionally, primary airway epithelial cells isolated from
healthy (non-AUD) and alcoholic (AUD) patients had a similar barrier function result. | found that
rat tracheal cells were more susceptible to in vitro ethanol exposure since barrier function was
significantly lower than untreated cells once differentiation was complete. When examining non-
AUD and AUD cells by immunofluorescence, | found that some samples exhibited aberrant
collective cell migration, a phenotype known as unjamming. The protein junctional adhesion

molecule A (JAM-A) regulates barrier function and epithelial cell migration and may play a role
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in causing the sustained unjammed phenotype, although in vitro exposure did not decrease JAM-
A expression. Lastly, | discovered that unjamming may be an age-dependent phenotype, though
further analysis must be done to determine this. Taken together, these data suggest that prolonged
ethanol exposure may have detrimental effects on basal cell barrier function and implies that
differentiation potential could be negatively affected. Further, this work suggests ageing airway
epithelial cells have upregulated cellular repair mechanism, although how this contributes to
airway epithelial dysfunction in the context of aberrant collective cell migration is unknown at

present.

5.2 Future Directions

5.2.1 Implications of hyperglycemia on airway cell function

Our work suggests that glucose levels can affect metabolism and barrier function, and other
work implies this this might be the case with CF, given that CF-related diabetes is a common
comorbidity. In parallel with the work produced in Chapter 2, our lab investigated how glucose
availability is regulated in the healthy and CF airway. In healthy airway cells, insulin stimulated
glucose uptake and temporarily increased barrier function assessed by TER and dye flux analysis.
CF cells with the F508del mutation did not increase glucose uptake in the presence of insulin and
exhibited a selective increase in paracellular permeability to calcein (0.63 kDa). Further, this
insulin-stimulated barrier tightening in healthy cells occurs via the phosphatidylinositol 3-kinase
(P13K)/protein kinase B (Akt) pathway and requires functional CFTR. This work highlights
crosstalk between glucose metabolism and tight junctions (1).

Because the insulin-stimulated barrier tightening occurs quickly, it would be interesting to

observe changes in tight junction protein turnover. Endocytosis and recycling of tight junction
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proteins can be measured utilizing a cell-surface biotinylation assay (2). It is important to note that
healthy and CF airway cells express similar levels of ZO-1, ZO-2, F11R, claudin-1, claudin-3,

claudin-4, claudin-5 and claudin-7, at least at the RNA level (3).

5.2.2 Investigating alcohol-induced modifications to the epigenome and transcriptome

RNA-seq analysis of cultured bronchial cells from patients with AUD indicates that AUD
cells adapted an inflamed, epidermal gene expression profile compared to non-AUD cells. These
cells are not cultured in the presence of ethanol, hinting at widespread epigenetic alterations due
to chronic ethanol consumption. Additionally, my work in Chapter 4 using AUD cells and in vitro
ethanol exposed cells indicates that basal cells are especially impacted by prolonged ethanol
exposure. We could employ one or more epigenetic analyses to determine how chronic alcohol
use permanently alters the epigenome: methyl-seq to detect changes in DNA methylation, ChIP-
seq to detect differences in histone modification and transcription factor binding, or ATAC-seq to
determine regions of chromatin accessibility in addition to identifying active promoters, enhancers,
and cis-regulatory elements.

Further, we can couple epigenetic analyses with single-cell RNA-seq to understand how
chronic alcohol exposure impacts the differentiation potential of basal cells. Single-cell RNA-seq
will not only enable us to tease apart cell-type specific changes in gene expression, but also can
elucidate if cell-type percentages are altered. It is currently unknown if chronic alcohol use impacts
cell-type percentages. However, smoking is known to increase goblet cell numbers and decrease
club and ciliated cell numbers in the small airway (4). It is conceivable that chronic alcohol use
could have the same effect.

In addition to the AUD cells, we see a similar persistent phenotype when alveolar type 1l
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cells are isolated from alcohol-fed rats and differentiated into alveolar type I cell within the span
of one week. The type I cells display decreased barrier function in the presence of no ethanol (5).
Interestingly, human bronchial cells from AUD patients showed no difference in barrier function
after differentiation was complete, indicating that the airway epithelium compensated for any
alcohol-induced changes in barrier permeability. However, our work in Chapter 3 indicates that
the second-hit hypothesis of alcohol-induced lung injury holds true. As stated in chapter 4, one
explanation could be that rat cells are more sensitive to in vivo and in vitro alcohol exposure,
indicating species differences in response to chronic alcohol. This is important to note when using
our model systems, but illustrates that the rat model, one in which we can decrease genetic and

environmental variability, is useful for mechanistic studies.

5.2.3 Improvements to our in vitro ethanol exposure model

In the liver, alcohol is broken down by the alcohol dehydrogenase (ADH) enzyme into
acetaldehyde, a short-lived, yet dangerous byproduct. Acetaldehyde is further broken down to
acetate by aldehyde dehydrogenase (ALDH) (6). In the lung, acetaldehyde circulation contributes
to oxidative stress by depleting available glutathione levels. (7). In addition, lung epithelial cells
are constantly exposed to alcohol vapor since alcohol readily diffuses from the airway blood
supply into the airway (8). However, the lung has low ADH activity compared to the liver,
indicating that lung cells do not contain the machinery to metabolize alcohol (9). While our in vitro
ethanol exposure model exposes airway epithelial cells to alcohol vapors, it is likely that very little
acetaldehyde is being produced.

To better mimic the effects of alcohol exposure and its dangerous metabolite, we could

utilize an extracellular Ach-generating system (AGS) developed by Ganesan et al. (10). The AGS
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includes yeast ADH, nicotinamide adenine dinucleotide (NAD*) and 50mM ethanol and medium
changes or treatment can occur at 48 hours of exposure. Using this system with bronchial epithelial
cells at the expansion and differentiation stages would better mimic chronic alcohol exposure and

enable us to parse out specific TJ barrier changes to ethanol and acetaldehyde.

5.2.4 Linking aging-related effects to unjamming in airway epithelial cells

Most of the studies related to unjamming and airway epithelial cells focus on unjamming
in the context of asthma (11, 12, 13). In order to determine if unjamming occurs as a consequence
of aging, we can first examine studies that elucidated age-related differences in gene expression in
airway epithelial cells. One study used tracheobronchial epithelial biopsies and generated three
different bulk transcriptomic experiments: homeostatic laser capture-micro dissected whole
epithelium, homeostatic fluorescence-activated cell-sorted basal cells and proliferating cultured
basal cells (14). Overall, the investigators found age-related differences in gene expression, but
found no gross anatomical differences or differences in cell type proportions in whole tissue.
However, pathway analysis indicates that the UV response and TGF beta signaling pathways were
upregulated. Interestingly, irradiation of differentiated airway epithelial cells causes unjamming
in a TGF-PB receptor-dependent manner. (12). Speculation of whether airway epithelial cell
unjamming occurs in vivo and is biologically relevant is ongoing. However, unjamming is
essentially collective cell migration and may be the result of upregulated repair mechanisms due
to airway insults.

A second study examined age in the context of airway epithelial cell barrier function. They
identified 55 genes related to epithelial barrier function to be significantly associated with age (15).

While they focused specifically on genes related to barrier function, we can examine their list of
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differentially expressed genes, identify genes of interest, perform knockdown experiments in cells
from young patients, and observe for unjamming. In parallel, we can use gRT-PCR and
immunoblot to probe candidate genes in non-AUD cells from patients of various ages that do and
do not exhibit the unjammed phenotype. Together, these experiments can elucidate mechanisms

that link age to unjamming/ collective cell migration in airway epithelial cells.
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