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Abstract
RATIONALE: Despite the reduction in HIV-related mortality since the introduction of
antiretroviral therapy, people living with HIV (PLWH) face a higher risk of developing ageassociated comorbidities such as chronic obstructive pulmonary disease (COPD). Studies have
found that HIV and COPD are independently associated with increased susceptibility and worse
manifestations from respiratory viral infections. We hypothesize that COPD in PLWH is marked
by increased inflammation in the airway epithelium which may potentiate injury during
respiratory viral infections.
METHODS: Primary human bronchial epithelial cells obtained from control, COPD, HIV, and
HIV/COPD donors were cultured as monolayers and air-liquid interfaces (ALIs). RNA and
protein lysates from these cultures were used to quantify HIV receptor mRNA and protein
expression via qRT-PCR and western blot, respectively. ALI cultures were infected with
respiratory syncytial virus (RSV) for 90 minutes and transepithelial electrical resistance (TEER)
values were taken at time points: 0h, 24h, 48h and 72h. ALI cultures underwent
immunohistochemistry staining for E-Cadherin quantification and mucus production
quantification through Periodic Acid Schiff and MUC5AC staining.
RESULTS: Western blot analysis of monolayer lysates demonstrated increased expression of
CXCR4 in PLWH with and without COPD and increased expression of CCR5 in PLWH with
COPD compared to control individuals. There was a trend towards higher CD4 expression in
PLWH with and without COPD compared to control individuals. However, these differences
were not found in either protein or mRNA HIV receptor expression in ALIs. TEER data
demonstrated a decrease in epithelial resistance in RSV-infected ALIs derived from COPD and
PLWH with COPD compared to PLWH without COPD and control individuals. There were no
iii

significant differences seen in E-cadherin expression and mucus production in RSV-infected
ALIs.
CONCLUSION: With an increased expression of HIV canonical receptors in the basal epithelial
layer, particularly CCR5 and CXCR4, in PLWH with COPD, a greater interaction between virus
and the airway epithelium may be possible, potentially causing damage to the airway epithelium.
Furthermore, RSV infection induces greater epithelial permeability in patients with COPD
regardless of HIV status. This could indicate that post-viral small airway injury may be driven
more by COPD status rather than HIV infection alone.
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Lay Summary
Despite the introduction of medications reducing HIV-related deaths, people living with HIV
(PLWH) still face a higher risk of developing more severe forms of chronic obstructive
pulmonary disease (COPD), a lung disease often associated with smoking. Studies suggest that
PLWH and individuals with COPD are more prone to suffering from severe respiratory viral
infections resulting in worse outcomes. This study investigates the relationship between HIV and
COPD in airway cells from healthy controls, participants with COPD, and PLWH with and
without COPD. We determine whether the airway cells from these individuals express the
necessary machinery for HIV to interact with host cells. Furthermore, we investigate how
respiratory viruses may affect the structure and function of the airway cells. These studies will
provide some insight on possible mechanisms by which HIV may affect the airways leading to
severe forms of COPD and respiratory viral infections.
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Chapter 1: Introduction
1.1 Overview
Since the discovery of human immunodeficiency virus (HIV) in 1981, the care for people
living with HIV (PLWH) has radically changed through the introduction of combination
antiretroviral therapy (cART), transforming what used to be a terminal disease into a
manageable chronic condition1. However, despite cART effectively increasing the life span
of PLWH by about 25 years2, PLWH still face a higher risk of mortality due to comorbidities
such as chronic obstructive pulmonary disease (COPD). Individuals that have both HIV and
COPD commonly experience more severe COPD symptoms 3,4 and on average have a higher
likelihood of death than uninfected individuals with COPD 5. A study conducted on the
mortality trends among PLWH between 1994 and 1998 found that about 4% of deaths in
PLWH in the year 1998 were due to COPD, which was almost a three-fold increase than
what was observed at the beginning of the study 6,7. Despite this, the mechanisms behind
HIV-associated COPD are not very well understood.
While smoking is highly prevalent amongst PLWH, epidemiologic evidence suggests that
smoking alone does not completely account for the increased risk of developing COPD in
this population8. In one study of veterans from the United States, the risk of developing
COPD remained 50-60% higher in PLWH compared to individuals without HIV even after
adjustment for cigarette smoking8. For PLWH, additional risk factors may include
opportunistic pulmonary infections, microbial dysbiosis, chronic systemic inflammation,
persistence of HIV latent reservoirs in the lung, cART side effects, and oxidative stress.
The cumulative effect of these factors may lead to chronic lung pathogenic mechanisms
such as inflammation, immune dysfunction, a proapoptotic environment and imbalances in
1

protease to anti-protease activities, ultimately setting the stage for the development of COPD.
As an example, a study done by Shipley et al demonstrated that monkeys with both simian
HIV (SHIV) infection and Pneumocystis jirovecii colonization developed increased
bronchial-associated lymphoid tissue and emphysematous tissue leading to worsened
obstructive pulmonary disease compared to SHIV-infected monkeys without P. jirovecii
colonization9.
A number of studies have shown evidence that both cigarette smoke and HIV can
independently cause structural and functional disruptions in the airway epithelium. Smoking
has been implicated in increased expression of inflamed mucus-secreting cells causing
increased mucus production, decreased ciliated cells slowing down mucociliary clearance,
and increased inflammatory cells10,11. HIV, on the other hand, can independently impair cellcell adhesion rendering the epithelial barrier paracellularly permeable, increase inflammatory
mediators and interfere and suppress mucociliary clearance12. Furthermore, an animal study
done by Chand et al demonstrated that HIV and smoking can synergistically cause COPDlike changes within macaque lungs including upregulation of a protein linked to secretion of
mucus in the respiratory tract (MUC5AC), goblet cell hyperplasia, reduction in tight junction
proteins and inflammatory and structural changes to the airways through increased air wall
thickness11. This study provided strong support that an interaction between smoking, HIV,
and COPD exists but the mechanisms behind it are still not very well understood.
Characterizing the airway epithelium in PLWH and its response to external stresses may be a
critical step in understanding possible mechanisms that cause PLWH to be susceptible to
worse manifestations of COPD. We hypothesize that COPD in PLWH is marked by
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increased inflammation in the airway epithelium which may potentiate injury during
respiratory viral infections.

1.2 Human Immunodeficiency Virus
1.2.1 Overview
The start of the recognized HIV epidemic dates back to 1981 when there was a sudden
increase in reports of Pneumocystis jirovecii pneumonia cases13. It is believed that this virus
originated from non-human primates in west-central Africa and was transferred to humans
via the process of zoonosis14,15. 75 million people have since been infected worldwide and
about 32 million people have died. It is estimated that by the end of 2018, between 32.7 and
44 million people were living with HIV globally16.
HIV is transmitted through bodily fluids and attacks the body’s immune system, targeting
predominantly CD4+ T lymphocytes and to a lesser extent macrophages, dendritic cells,
monocytes and thymocytes13. CD4+ T cells play a vital role in the body’s immune system
since they are the “helper” cells that trigger the body’s adaptive immune response to
infections and tumor cells. HIV targets and infects CD4+ T cells by attaching onto their cell
surface CD4 receptor and chemokine co-receptors CXCR4 and CCR5 13. Acute HIV infection
is characterized by flu-like symptoms and a rash within the first few days to weeks following
seroconversion13. Over time, if HIV is left untreated, an individual’s immune system
gradually deteriorates as the virus starts to destroy the body’s CD4+ T cells. If HIV is left
untreated, the depletion of CD4+ T cells ultimately leads to opportunistic infections such as
P. jirovecii pneumonia and cancers such as non-Hodgkin’s lymphoma and Kaposi’s sarcoma.
Since the start of the HIV epidemic, the care for PLWH has radically changed through
the introduction of ART. These medicines work by interfering with the virus’s replication
3

processes to prevent it from replicating in the body. Often times, PLWH are prescribed a
combination of different ART medicine that have different modes of prevention of the
replication cycle. Despite this control on HIV replication and proliferation, studies have
found that there have been increased markers of inflammation in PLWH which have been
linked to a higher risk of morbidity and mortality in these individuals 17,18. For example,
individuals on ART were found on average to have 40 to 60% higher concentrations of IL-6
when compared to uninfected control individuals 18,19. Accumulating data suggests that
individuals on ART continue to have chronic activation of their innate immunity functions
leading these individuals to display chronic systemic inflammation which may play a role in
the increased morbidity and mortality due to age-related diseases like COPD 18.
1.2.2 Basic Biology and Replication Process
HIV is a retrovirus, a group of RNA viruses that replicate via their ability to insert their
own DNA copy of their genome into the host cell. Since HIV has a delayed onset of serious
symptoms after the infection, it is subcategorized as a lentivirus. Much like other
retroviruses, HIV’s complex genome is held within a cone-shaped capsid 20. The general
characteristics of the HIV virion are as follows: the outer surface contains subunits of gp120
glycoproteins anchored down by gp41 transmembrane protein (the unit collectively known
as HIV envelope/env), a matrix shell comprised of 2000 copies of the p17 matrix protein
which lines the inner surface of the viral membrane and the capsid core in the center of the
virus comprised of 2000 copies of p24 capsid protein 20. Within the conical capsid, the viral
genome is found in two copies of positive-sense (5’-3’) single stranded RNA with the genes
bound together tightly with the nucleocapsid protein, p7 20. Along with the viral RNA, the
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capsid contains three essential enzymes required for viral replication which include protease,
reverse transcriptase and integrase, and six different accessory proteins 20.
HIV does not possess the necessary machinery for replication and thus relies on hijacking
the host cell for its survival. To begin its replication process, HIV uses its env protein to
recognize and bind specifically to cells that have the primary CD4 receptor. This binding is
facilitated by the interaction of the gp120 protein and the amino-terminal immunoglobulin
domain of the CD4 receptor20. As this virus is categorized as a primate lentivirus, it requires
the interaction of another cell-surface receptor to facilitate the fusion of the viral membrane
into the host cell’s membrane20,21. HIV relies mainly on binding with either CXCR4 or
CCR5 chemokine co-receptors to initiate the membrane fusion process 20,22. Viruses can thus
be categorized by the type of chemokine co-receptor they use such as R5-tropic strains that
use CCR5, X4-tropic strains that use CXCR4 or R5X4 strains that use both co-receptors 23.
The attachment of the gp120 protein to the receptors induces the exposure of the gp41
protein, allowing it to anchor onto the host cell. From here, the gp41 protein starts to fold in
within itself allowing for the viral membrane to come into contact with the host cell
membrane inducing membrane fusion23.
Once fused with the membrane, the viral matrix with the capsid enters, uncoats and
disintegrates within the host cell’s cytoplasm, releasing the viral RNA strands and essential
enzymes. Here, the reverse transcriptase enzyme converts the viral RNA into DNA. It is
composed of two catalytic domains: the polymerase active site and the RNase H active
site24. The single stranded viral RNA is first transcribed into an RNA/DNA double helix in
the polymerase active site. The RNase H site then cleaves off the RNA in the duplex. From
here, the single stranded DNA template goes back to the polymerase to complete the
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remaining DNA strand to form a viral DNA double helix 24. The viral integrase then
recognizes long terminal repeats (LTRs) on the viral DNA. From here, it cleaves two to
three bases off the 3’ ends of both strands resulting in exposed recessed 3’ OH groups
making the viral DNA sticky20,25. The integrase then transports this viral DNA into the
nucleus and facilitates its integration into the host cell’s DNA. At this stage, the integrated
version of the virus is known as the provirus13. Once integrated into the host’s DNA, the
virus can remain latent for long periods.
In the case of activation of the cell via external stimuli, the virus will use the cell’s
replication machinery to transcribe and translate its viral DNA. During this process, the
DNA provirus is transcribed into RNA and spliced into mature mRNA. This mRNA is
exported from the nucleus into the cytoplasm and hijacks the ribosome to translate the
mRNA into viral protein13. From this translation, HIV proteins that make up the envelope
and core of the virus are produced. Since the translated proteins are larger than those that
make up the final virus, the viral protease processes these proteins to cleave it into smaller
functional units. From here, the functional envelope proteins, core proteins, viral RNA and
enzymes come together within the host cell’s membrane and pinches off and buds out of the
cell13. Once outside of the cell, the virus matures and gains its ability to infect other cells to
repeat this replication cycle. One single cell has the ability to replicate the virus thousands of
time either chronically, over weeks or even as a single burst 13.
1.2.3 HIV and the Lungs
Although substantially improving health outcomes for PLWH, cART has still not been
able to completely eradicate HIV due to the virus’s ability to integrate into the host’s DNA
and remain dormant for prolonged periods 26. Although HIV is known to predominantly
6

target lymphoid organs, it is considered to be a polytropic pathogen as it is able to infect
cells of different organ systems including gastrointestinal, vascular and nervous systems 27.
The lungs are introduced to HIV infection via infected lymphocytes and monocytes
circulating hematogenously28. Within the lungs, these infected monocytes then differentiate
into alveolar macrophages and due to HIV’s latency abilities, the infected macrophages
proliferate to eventually create an HIV reservoir within the lungs 28.

1.3 The Airway Epithelium
1.3.1 Overview
The lungs are continuously exposed to the external environment through respiration.
Inspired air is rarely pure and can carry various chemicals and particulate contaminants that
can be potentially harmful for the lungs. The airway epithelium plays an important role in
the lungs by acting as our body’s first line of defence against these external exposures. The
epithelium is a moist physical barrier that carries out various functions including: regulating
water and ion transport, preventing particulates from the air from stimulating sensory nerves
and smooth muscles and preventing these particulates from diffusing into the blood
stream29,30. Along with its role as a physical barrier against the external environment, the
airway epithelium also plays a prominent role in pulmonary immunity. The airway
epithelium is known to facilitate a wide range of key mediators in the inflammatory and
remodelling responses of lungs31. The presence of microbial and foreign particulates is
detected through the use of various pattern recognition receptors, such as membrane-bound
Toll-like receptors29. This detection triggers mucociliary clearance mechanisms within the
respiratory system and produces cytokines, chemokines and other mediators to recruit
immune cells for host defence29.
7

In the case of any airway epithelial injury, the epithelium can lose its protective barrier
function leading to a variety of respiratory complications. Under healthy conditions, there is
a balanced interplay between the amount of goblet and ciliated cells present. However, in
patients with COPD, this balance is disrupted with an increase in goblet cells and a decrease
in ciliated cells29. This imbalance in cell composition within the epithelium results in excess
mucus formation and reduced ciliary-facilitated clearance hence inducing obstruction of the
small airways. Furthermore, inhaled harmful particulates such as those found in cigarette
smoke tend to disrupt the function of the luminal junctional complex impairing the epithelial
barrier and rendering it susceptible to respiratory infections and chronic diseases 28,29.
1.3.2 Structure and Function
Moving caudally through the respiratory tract, the structure of the airway epithelium
varies. The epithelium within the upper respiratory tract and trachea is classified as ciliated
pseudostratified columnar epithelium32. It is called columnar due to the presence of only a
single layer of epithelial cells with all cells making contact with the basement membrane.
However, due to the fact that the nuclei in these cells are not aligned on the same plane, it
gives the illusion that the epithelium has multiple layers hence it is called pseudostratified.
Continuing on to the lower respiratory tract, the epithelium transitions into a cuboidal
epithelium, a subtype that consists of a single layer of cube-like cells with large spherical
and central nuclei. Finally, within the alveoli and alveolar ducts it transitions into a simple
squamous epithelium consisting of a single layer of flat cells that are permeable 33. The
presence of simple squamous epithelium allows for the rapid diffusion of oxygen and carbon
dioxide during gas exchange between the lungs and the blood in the capillaries 33.
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The primary function of the airway epithelium is to moisten and act as the first line of
defence for the airways by creating a physical barrier to inhaled particulates. To facilitate
this function, the epithelium is comprised of four main cell types: ciliated cells, goblet cells,
club cells, and airway basal cells34. Mucociliary clearance is the mechanism by which these
potentially harmful inhaled particulates are expelled out of the respiratory tract. This
mechanism is facilitated by the ciliated cells, as each cell has up to 300 cilia 35 present that
are constantly beating up to a rate of 20 times per second. The beating of the cilia is directed
towards the pharynx to allow for the expulsion of foreign particulates. Mucus, produced by
goblet cells, is an important characteristic of the airway epithelium as it helps maintain the
moisture and also is able to trap foreign particulate matter and pathogens within the airway.
Goblet cells contain membrane-bound mucous granules and their main function is to secrete
mucus to maintain the airway surface liquid, also referred to as the epithelial lining fluid.
Mucus production is vital for the efficacy of these mucociliary clearance mechanisms.
In the distal respiratory tract, club cells take over the role of goblet cells by synthesizing
and secreting small amounts of mucus and surfactant proteins 36. Club cells also carry out
progenitor cell functions for themselves and ciliated cells in the terminal bronchioles 36.
Airway basal cells are the stem cell of the airway epithelium. These are cuboidal cells that
line the basement membrane deep within the respiratory epithelium 37 and function to
differentiate into the various types of epithelial cells including ciliated cells, goblet cells and
club cells36,38. This process is vital as it facilitates the repair of the protective functions of the
epithelial barrier38. Altogether, the balanced interplay between the expression and function
of all the cells present within the airway epithelium facilitate the complex yet vital role of
the epithelium barrier.
9

The epithelium barrier is tightly formed by the interconnected structures, known
collectively as the apical junctional complex that functions to regulate paracellular
permeability to inhaled foreign contaminants 34,35,39. This complex is comprised of two main
intercellular junctions: tight junctions (TJs) and adherens junctions (AJs). TJs are located on
the apical side of the epithelial cell surface, creating a physical separation between the apical
and basolateral membranes and function as a semipermeable barrier for solutes and ions 39–41.
They are comprised of transmembrane proteins, including claudin, occludin, junctional
adhesion molecules, and peripheral membrane proteins 34,40,42–44. Together, these proteins
form a complex protein network and interact with cytoplasmic scaffolding proteins, like
zonula occludens34,40. These scaffolding proteins help facilitate the stability of TJs as these
proteins directly bind to the transmembrane proteins and link them with actin microfilaments
and other cytoplasmic proteins tethering them to the cytoskeleton 34,40,45. When in close
proximity to other epithelial cells, the claudins interact with the claudins and the occludins
interact with the occludins on the neighbouring cells.
In comparison, AJs are located on the basolateral side of TJs on epithelial cells and
function mainly to facilitate cell-cell adhesion34,46. The major molecules that facilitate this
cell-cell adhesion are known as cadherins, which are calcium dependent cell adhesion
molecules46–48. Cadherin/catenin and nectin/afadin complexes are the two main adhesive
units that make up AJs49. These complexes further interact with the actin cytoskeleton via
homophilic recognition49. Cadherins are type I transmembrane glycoproteins that are the
most commonly known adhesion molecules in AJs34,49. These cadherins make complexes
with β-catenin or plakoglobin (γ-catenin) in conjunction with α-catenin that links these
junctional complexes to the actin cytoskeleton50. Both β-catenin and plakoglobin are arm10

repeat proteins that bind directly to the cytoplasmic domain of cadherins to maintain the
adhesive functions. These proteins go on to further bind to α-catenin, which facilitates
binding to the actin cytoskeleton via its actin-binding domain 49. Although there have been
over 100 different types of cadherins identified, the most commonly known is epithelial (E)cadherin. E-cadherin is comprised of five extracellular cadherin repeats, a transmembrane
region and an intercellular domain that links to p120-catenin, an Armadillo-domain protein,
and β-catenin. Much like other cadherins, the β-catenin binds to α-catenin to facilitate the
linking of the E-cadherin complex to the actin cytoskeleton. E-cadherin is a vital cell-cell
junction adhesion molecule that is expressed in all epithelial tissues.
1.3.3 Chronic Obstructive Pulmonary Disease (COPD)
In 2016, the Global Burden of Disease study reported that there were 251 million people
living with COPD worldwide and it is estimated that 3.17 million deaths were caused by
COPD in 2015 alone51. COPD used to be in 12th position for world-wide cause of mortality
in 1990, but has since become the fifth leading cause in 2020 52,53.
The disease is characterized by persistent airflow obstruction resulting in progressive
cough, wheezing, dyspnea, and sputum production. Subtypes of COPD include emphysema
and chronic bronchitis. Emphysema is the presence of large air spaces in the place of alveoli
due to the destruction of alveolar walls. This reduction of alveoli and increased dead space in
the lungs results in decreased surface area for gas exchange to occur. Chronic bronchitis, on
the other hand, is the chronic irritation and inflammation of the bronchial tubes resulting in
persistent severe cough and mucus production. Although there are many different causes of
COPD, the leading cause is cigarette smoking, wherein more than 90% of individuals with

11

the disease are either current or former smokers. However, other factors such as air pollution
and genetic susceptibility have been identified as other causes.
Since COPD is a collection of different injuries that result in chronic airflow obstruction,
there is a wide range of underlying pathophysiological mechanisms. Smoking itself has been
linked to significant structural and functional injuries specifically in the airway epithelium.
Cigarette smoke is known to contain over 4000 noxious substances including formaldehyde,
carbon monoxide, potassium cyanide, and phenol, many of which are toxic to the respiratory
epithelium54,55. The inhalation of these carcinogens and noxious substances have been shown
to play a significant role in the chronic irritation of the respiratory tract. Cigarette smoke is
thus associated with functional alterations such as increased expression of inflamed goblet
cells, which subsequently increases mucous secretion56,57, and the impairment of barrier
function through disruption of cell-cell adhesion58. Animal smoke exposure studies have also
shown other morphological alterations such as hyperplasia of the respiratory epithelium,
mucosal inflammation and loss of ciliated cells effectively impairing the mucociliary
clearance mechanism55,59. The lungs are thus rendered susceptible to chronic irritation,
inflammation, mucus hypersecretion, reduced mucociliary clearance and various bacterial
and viral infections due to increased epithelial permeability in excess of what is seen in
healthy non-smoking individuals.
1.3.4 Epithelial Damage Caused by Viruses
Although the airway epithelium serves as a highly complex and tightly regulated
physicochemical barrier against the external environment, respiratory viruses, such as
respiratory syncytial virus (RSV), have the ability to evade the epithelium’s immune
defenses. Respiratory viruses have been implicated in causing structural and functional
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disruptions to the airway epithelium including epithelial integrity loss, mucus
hypersecretion, disruption of immune responses, and rendering the epithelium susceptible to
other pathogens including bacterial infections60.
Respiratory viruses use the airway epithelial cells to replicate and cause widespread
damage. Virus-induced cytotoxicity has been linked to various morphological and functional
changes within the airway epithelium. The infected airway epithelium displays a significant
reduction in ciliated cells, increased mucus production via goblet cells with increased
MUC5AC expression, and can be in a state of hyperresponsiveness as viruses have been
implicated in reducing smooth muscle relaxing factors 60–63. Along with this, the cytotoxicity
caused by respiratory viruses induces excessive proapoptotic mediators that subsequently
increase airway epithelial cell death60. Respiratory viruses also have the ability to directly
interfere and disrupt the intercellular junctions rendering the barrier paracellularly
permeable. For example, airways infected with RSV demonstrate significantly reduced
transepithelial electrical resistance (TEER) because RSV has the ability to rearrange the
cellular cytoskeleton in order to increase paracellular permeability 60,64. Respiratory viruses
can exacerbate these processes by delaying normal epithelial repair. In healthy airway
epithelium, basal airway epithelial cells are responsible for repopulating and differentiating
damaged areas to promote repair. This regeneration of the differentiated airway epithelial
cells is tightly regulated by a variety of interplaying factors including cytokines, growth
factors and matrix metalloproteinases60,65. Some respiratory viruses, like rhinoviruses, can
interfere with these airway remodelling processes eventually slowing down normal wound
healing60,66.
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1.4 HIV-Associated COPD
1.4.1 Overview
Despite the reduction in HIV-related morbidity through the introduction of cART,
chronic lung diseases have become common comorbidities in PLWH. Along with the
susceptibility to pulmonary infections, PLWH have an increased risk of various noninfectious pulmonary conditions which include lung cancer, pulmonary arterial hypertension
and COPD67. Generally, smoking rates are higher in PLWH which contributes to but has not
fully accounted for the increased incidence of COPD in these individuals 68. HIV has
specifically been associated with inducing COPD-like airway abnormalities including
emphysema and chronic bronchitis67,69,70. However, the relationship between HIV and the
airway is poorly understood. Various studies have shown that HIV interacts with the airway
epithelium and can be implicated in the disruption of its function 11,12, but it remains highly
debated whether or not HIV can infect epithelial cells to cause these changes. Studies have
suggested that epithelial cells do express CXCR4 12 and CCR5 post IL-13 treatment71.
However, the expression of CD4 in epithelial cells has not yet been established within the
literature. A study performed on normal human bronchial epithelial cells infected with X4tropic and R5-tropic virus by Brune et al found that only X4-tropic virus was internalized
within airway epithelial cells but it was not clear if the viral DNA was able to integrate with
the host genome and replicate12. With this, it is possible that epithelial cells might express all
of the HIV canonical receptors that are required for HIV to interact with and possibly infect
host epithelial cells.
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1.4.2 HIV, COPD and Respiratory Viral Infections
Although the suppression of HIV through the usage of cART can reduce the incidence of
respiratory virus infections, PLWH experience more severe symptom manifestations upon
infection72. Respiratory viruses have been implicated in contributing to pulmonary
complications, such as opportunistic bacterial infections, and morbidity in PLWH 73. In a
recent retrospective cohort study assessing the risk of death due to the SARS-CoV-2 virus, it
was concluded that overall, the PLWH cohort had a higher cumulative mortality than the
cohort without HIV74. This study provides evidence that not only are PLWH vulnerable to
respiratory viral infections, but they also tend to experience more severe respiratory
symptoms and are likely to suffer from more serious outcomes. Respiratory viral infections
can also play a key role in acute exacerbations of COPD. An observational cohort study of
COPD patients in which sputum samples were taken during routine monthly visits and during
exacerbations concluded that the percentage of sputum samples that contained viral species
was substantially increased during exacerbation visits 75, providing evidence that viral
infections may play a role in progressing and worsening COPD.

1.5 Hypothesis & Aims of the Study
In summary, the clinical problem of PLWH developing and dying from worse manifestations
of COPD is increasing in importance as the population ages. Despite this, the mechanisms
driving the relationship between HIV and COPD are not very well understood and are largely
unexplored. With the lungs being the first line of defence against the external environment, the
airway epithelium that lines the respiratory tract plays an intricate and prominent role in ensuring
the physical protection and immunity of the airways. Understanding the changes and damage in
the airway epithelium in COPD, HIV and HIV/COPD lungs may be the first step in
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understanding the mechanisms behind the worsened COPD in PLWH. We hypothesize that
COPD in PLWH is marked by increased inflammation in the airway epithelium which may
potentiate injury during respiratory viral infections.
To study this hypothesis, there are two main aims of this thesis: the first to characterize CD4
receptor and CXCR4 and CCR5 co-receptor expression in the small airway epithelium, and the
second to characterize RSV-induced damage to the small airway epithelium of PLWH with and
without COPD, HIV-uninfected COPD patients, and in individuals with neither HIV nor COPD.
We hypothesize that the canonical viral receptor expression will be upregulated in COPD and
HIV airway epithelium independently, the effects will be synergistically increased in the
HIV/COPD epithelium. Furthermore, infections with RSV will induce excess structural and
functional epithelial disruptions in the HIV/COPD airway epithelium.
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Chapter 2: Characterization of CD4 receptor and CXCR4 and CCR5
co-receptor expression in the small airway epithelium
2. 1 Overview
HIV is able to enter the lungs via infected lymphocytes and monocytes within the blood
stream, and these infected monocytes differentiate into alveolar macrophages. These infected
alveolar macrophages maintain an HIV burden within the lungs by continuously proliferating,
creating an HIV reservoir within the lungs28. Whether and how HIV-infected macrophages
interact with the airway epithelium remains unknown. HIV canonical receptors, CD4, CXCR4
and CCR5, are essential components that facilitate HIV interactions with host cells. With recent
studies suggesting that HIV can independently cause COPD-like changes within the airway 11,12,
it is important to determine if the airway epithelium expresses the necessary HIV canonical
receptors for cell interaction. If HIV binding mechanisms are indeed present on the airway
epithelium, this would facilitate HIV interacting with the airway epithelial cells to potentially
induce inflammation and epithelial damage. We hypothesize that the HIV canonical
receptors, which also play important roles in the inflammatory response, are upregulated
in COPD and HIV airway epithelium independently, with a synergistic upregulation within
the HIV/COPD airway epithelium.

2.2 Methods
2.2.1 Cell Culture
Primary human bronchial epithelial cells were collected from control (n=8), COPD (n=7),
PLWH without COPD (n=5) and PLWH with COPD (n=7) donors via bronchial brushings
on site at St. Paul’s Hospital using flexible bronchoscopy techniques developed by Lam et
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al76. Four cytology brushes from the small airways were retrieved from each patient and were
placed in Pneumacult EX medium (StemCell Technologies, Vancouver, BC). The cells from
these cytology brushes were grown as submerged monolayer cell cultures. These monolayer
cells were detached and collected in 300 µl of lysis buffer to be used for western blot
analysis.
2.2.2 Air-Liquid Interface (ALI) Cultures
Primary human bronchial epithelial cells grown on monolayers (passage 2) were
propagated as three ALIs per donor on 24-well Corning cell culture inserts (#3470, StemCell
Technologies) using Pneumacult-ALI media (#0051, StemCell Technologies) on the basal
side of the cultures. These ALIs were grown for 28 days after which one ALI per donor was
fixed in 10% formalin and embedded in paraffin blocks and the cells from the two other ALIs
per donor were detached and collected. The cells collected were then processed using the
RNA/DNA/Protein Purification Micro Kit (Norgen Biotek Corp, Ontario, Canada) to extract
RNA and protein for qRT-PCR and western blot analysis, respectively.
2.2.3 Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)
RNA extractions processed from ALI cells were used to quantify mRNA expression of
HIV canonical receptors. RNA samples were synthesized into cDNA at a concentration of
500ng using the iScript cDNA synthesis kit (Bio-Rad Laboratories, California, USA).
Samples were prepared for qRT-PCR using 1/10 dilution of sample cDNA, iTaq Universal
SYBR Green Supermix (Bio-Rad Laboratories) and the respective custom DNA primers
targeting CD4, CXCR4, CCR5 and GAPDH. Sequences acquired from GenBank were used
to design primers on PrimerBlast (Table 2). Prepared samples were run in triplicate on
Quantstudio 6 Pro (Thermo Fisher Scientific, Massachusetts, USA) using the protocol listed
18

in Table A.1. Receptor cycle threshold results were first normalized to the housekeeping
gene, GAPDH, and the relative quantity of all samples were calculated using the Δ cycle
threshold of a control donor. Raw CT values can be found in Table A.2-4.
Table 1: HIV canonical receptor qRT-PCR forward and reverse primer sequences
Forward Primer Sequence (5’  3’)

Reverse Primer Sequence (5’  3’)

CD4

GCTTTTCATTGGGCTAGGCA

TGTCTTCTGAAACCGGTGAGG

CXCR4

CTCCTCTTTGTCATCACGCTTCC

GGATGAGGACACTGCTGTAGAG

CCR5

GTTTGCGTCTCTCCCAGGAA

GACCAGCCCCAAGATGACTA

GAPDH

TCGACAGTCAGCCGCATC

CCAATACGACCAAATCCGTTGA

2.2.4 Western Blot Analysis
Total protein lysates collected from monolayer cells from passage zero and one along
with protein extractions from ALIs derived from passage 2 monolayer cells were used to
quantify protein expression of HIV receptor CD4 and co-receptors CXCR4 and CCR5,
respectively. Protein concentrations were quantified prior to western blotting using the
Bicinchoninic Acid protein assay (Thermo Fisher Scientific) as per the manufacturer’s
instructions. For monolayer protein expression, samples were prepared using 30ug protein
for CD4 and 20ug protein for CXCR4 and CCR5 of each of the cell lysates along with 1x
sample buffer containing β-mercaptoethanol. For ALI protein expression, 20ug protein was
loaded for all receptor types along with 1x sample buffer. Prepared samples were boiled for 5
minutes and spun down prior to loading into 9% SDS gel and were then run at 80v for 20
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minutes and then at 150v for 1 hour and 30 minutes. Gels were then transferred overnight at
30v onto a nitrocellulose membrane. The following day, the membranes were blocked in 5%
skim milk in tris-buffered saline with 0.01% tween (TBS-T). Following blocking, they were
incubated overnight in a 4°C fridge with their respective primary antibody: CCR5 polyclonal
antibody 1:1000 dilution (#PA5-19862, Thermo Fisher Scientific), CXCR4 monoclonal
antibody 1:1000 dilution (#A19035, AbClonal Technology, Woburn, USA) and CD4
monoclonal antibody 1:5000 dilution (#ab133616, Abcam, Cambridge, UK). Membranes
were washed with TBS-T before being incubated at room temperature for 1 hour in
secondary goat anti-rabbit IgG horseradish peroxidase (HRP) conjugated antibody 1:2000
dilution (#12-348, MilliporeSigma, Massachusetts, USA) was used for detection. Membranes
were subsequently incubated with mouse anti-β-actin-HRP antibody 1:2000 dilution
(SC47778, Santa Cruz Biotechnology Inc., Texas, USA) to be used as a normalizing control
for loaded proteins. Femto ECL (Thermo Fisher Scientific) and Clarity ECL (Bio-Rad
Laboratories) were used as chemiluminescent reagents for the HIV canonical receptor
proteins and β-actin protein, respectively, to measure protein abundance.
2.2.5 Data Analysis
Data was visualized using GraphPad Prism 5.0 software (GraphPad Software Inc,
California, USA). A one-way ANOVA with a Tukey’s multiple comparison test, significance
set to p<0.05, was used to compare differences between the groups in both qRT-PCR and
western blot tests.
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2.3 Results
2.3.1 Demographics of donors in each cohort for chapters 2 and 3
The control and COPD donors were older than the PLWH groups and the majority of
donors were either former or current smokers. As expected, pulmonary function was
significantly lower in the COPD cohorts than the non-COPD groups. Furthermore, HIV was
generally under control in both of the HIV cohorts as depicted by their average CD4 count
and viral loads (Table 2).
Table 2: Patient demographics of samples used in chapters 2 and 3
Control

COPD

HIV

HIV/COPD

(n = 8)

(n = 7)

(n=5)

(n=7)

70.4 ± 4.0

71.7 ± 6.2

53.2 ± 12.0

55.7 ± 7.7

1M:7F

6M:1F

3M:2F

7M:0F

94.8 ± 10.4

56.3 ± 22.8

107.4 ± 12.2

64.1 ± 25.9

Never

0 (0%)

0 (0%)

1 (20%)

0 (0%)

Former

8 (100%)

6 (85.7%)

3 (60%)

5 (71.4%)

Current

0 (0%)

1 (14.3%)

1 (20%)

2 (28.6%)

-

-

1040 ± 281

561 ± 298

Mean Age
(Yrs* ± SEM**)
Sex (Male:Female)
FEV1***
(Percent (%) ± SEM)
Smoking
Status

CD4 Count
(cells/mm3)
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Viral Load
Undetectable

-

-

4Y:1N

5Y:2N

(Yes:No)
*Yrs: Years
**SEM: Standard error mean
***FEV1: Forced Expiratory Volume in 1 second

2.3.2 HIV Canonical Receptor mRNA Expression
RNA extractions processed from ALIs derived from donors in the four test groups were
used to quantify mRNA expression of HIV canonical receptors. qRT-PCR results did not
demonstrate significant differences in mRNA expression within COPD, HIV, and
HIV/COPD groups when compared to ALIs derived from control donors (Figure 1). For all
receptor types, there was no difference in mRNA expression between groups (CD4 p
=0.9340, CXCR4 p=0.7103, and CCR5 p=0.4805).
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Figure 1: HIV canonical viral receptor mRNA relative quantity expression in ALI.
No significant differences in mRNA expression in COPD, PLWH and PLWH with COPD
derived ALIs for all receptor types when compared to ALIs derived from control donors
(p>0.05).
2.3.3 HIV Canonical Receptor Protein Expression
Protein lysates from monolayer cells from passage zero and one were used to determine
CD4 receptor and CXCR4 and CCR5 co-receptor protein expression, respectively
(monolayer representative blots in Figure B.1) Western blot analysis of CD4 expression
demonstrated a trend towards higher expression in PLWH with COPD (1.22 ± 0.46), PLWH
without COPD (0.92 ± 0.24) and uninfected COPD donors (1.29 ± 0.56) compared to the
control group (0.50 ± 0.63, p=0.0655). In the case of CCR5, there was a significantly higher
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expression of CCR5 in PLWH with COPD (0.93 ± 0.16) compared to the control group (0.46
± 0.04, p=0.0131). CXCR4 demonstrated significantly higher expression in PLWH without
COPD and PLWH with COPD (0.95 ± 0.59 and 1.04 ± 0.16, respectively) compared to
control and COPD donors (0.08 ± 0.04 and 0.22 ± 0.25, respectively, p<0.0001) (Figure 2).

Figure 2: HIV canonical viral receptor protein expression in monolayer whole cell
protein lysates. Trend towards an increase in CD4 expression in diseased groups but mainly
increased in COPD groups (p > 0.05). Significantly increased CXCR4 expression in HIV
groups compared to control and COPD groups (p < 0.0001). Trend towards an increase in
CCR5 expression in diseased groups with a significant increase in HIV/COPD group (p <
0.05).
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Western blot analysis was also performed on total protein lysates on cells from ALIs
derived from donors in the four different test groups (ALI representative blots in Figure B.2).
Interestingly, protein expression of the HIV canonical receptors in ALI cells did not show a
similar trend as seen in the monolayers (Figure 3). Overall, there was no difference between
the protein expressions of the HIV canonical receptors in ALIs in each of the test groups
(CD4 p=0.7496, CXCR4 p=0.5783, and CCR5 p=0.7975).

Figure 3: HIV canonical viral receptor protein expression in ALI whole cell protein
lysates. No significant differences in protein expression in diseased ALIs for all receptor
types when compared to ALIs derived from control donors (p>0.05).
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2.4 Discussion and Conclusion
Western blot analysis in our study demonstrated higher protein expression of the HIV
canonical receptors in cells collected from disease donor monolayers. The protein expression of
co-receptors CCR5 and CXCR4 was significantly higher in the monolayers that were derived
from PLWH with COPD when compared to control monolayers. Although there was a weaker
association found with CD4 protein expression in monolayers, there was still a trend towards
higher CD4 expression in the diseased groups, particularly in those with COPD. In contrast to
the monolayer data, the protein and mRNA expression in ALIs derived from the test groups not
only did not show a similar upregulation trend in the diseased groups, but also did not
demonstrate any significant differences in expression levels of the HIV canonical receptors in
any of the groups.
Chemokine receptors like CXCR4 and CCR5 play a crucial role in the inflammatory
response. These two chemokine receptors are abundantly expressed on the surface of leukocytes
and are involved in triggering signalling pathways that promote inflammatory cell migration and
cell trafficking to sites of inflammation77,78. With their role in the inflammatory response,
chemokine upregulation can be indicative of ongoing inflammation to promote the recruitment of
immune cells79. Higher expression specifically of CXCR4 and CCR5 that we observed in the
monolayers derived from PLWH with COPD could be an indication of increased inflammation
within the airway epithelium promoting excess epithelial damage.
The discrepancy between monolayer versus ALI expression of the HIV canonical
receptors is worth further speculation. We consider here two different possibilities: the first being
the difference in cell composition between the two culture types, and the second being that the
passaging of cells may have altered the inflammatory state of the cells. To begin with,
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monolayers are composed only of basal cells, the stem cell progenitor cells of the airway
epithelium. In contrast, ALIs are grown to mimic the airway epithelium in vitro and are
comprised of all the differentiated epithelial cells in a pseudostratified mucociliary layer. Basal
cells in the airway epithelium are located near the basement membrane by the interstitium. With
the interstitium being in close vicinity to the circulatory system, it is possible that it is more
effective for the airway epithelium to express CXCR4 and CCR5 receptors in the basal cells,
rather than the other differentiated epithelial cells, to promote leukocyte trafficking to sites of
inflammation. Along with this, it could also be possible that with basal cells being in close
proximity to the blood circulation, they may be more likely to be exposed to systemic
inflammation as well, thus making them more likely to express these coreceptors. If indeed basal
cells are the primary cells that express these chemokine receptors, it is possible that the mRNA
and protein signal for these receptors could be attenuated in the ALI samples, diluted by the
other cell types of the pseudostratified layers.
Another reason that could possibly account for the discrepancy seen between monolayer
and ALI data is the difference in passaging between these two cell culture types. The ALIs that
were used in this study were derived from passage 2 monolayer cells, whereas the monolayers
were derived from passage 0 and passage 1 cells. In addition, ALIs were grown over a 28-day
period and generally, cultured cells are kept at ideal temperatures with adequate media and few
external stresses that would normally be endured closer to their primary state. Over the passaging
and propagation of ALIs through a 28-day period, the cells may undergo reversal of the
inflammatory state that could be present in the primary cells. If this is the case, it may be
interesting to investigate HIV canonical receptor expression in ALIs derived from fresh passage
0 cells from donors.
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This study has several limitations. To begin with, we were unable to quantify the receptor
and co-receptor mRNA of monolayer cells. During optimization protocols, the CCR5 monolayer
mRNA did not amplify, raising the possibility that CCR5 monolayer mRNA may easily degrade
particularly after storage periods and through freeze-thaw cycles. Although there was no
difference seen in the ALI mRNA HIV receptor expression in ALIs, it could be possible that the
mRNA expression may be different in monolayer cells. Moving forward, monolayer mRNA
analysis for receptor expression could be done on freshly extracted RNA. Secondly, although
ALIs are a useful in vitro model of the airway epithelium, they do not effectively recapitulate in
entirety the airway epithelium in vivo which richly interacts with immune cells and blood
vessels. These elements are missing from our models and may alter the stress and inflammatory
response of the airway epithelium. Along with this, smoking is known to be a major causative
factor of COPD and is highly prevalent in PLWH. However, this study did not address the
effects of smoking directly on the epithelial cells. Our sample size was too small to permit
secondary analyses of non-smoking and smoking PLWH. In addition to the recruitment of
PLWH who have never smoked and PLWH who currently smoke (both of which our study
lacked in sufficient numbers), smoke exposure experiments on monolayers and ALIs may be
another interesting way to investigate the effects of smoke on HIV receptor expression in the
airway epithelium. Finally, the PLWH enrolled in this study were under relatively good viral
control on cART depicted by their CD4 counts and HIV viral loads (Table 2). It is possible that
individuals with uncontrolled HIV may exhibit different receptor expression possibly due to
differences in inflammation and epithelial damage within their airways. Furthermore,
bronchodilators and inhaled corticosteroids are common medications that are prescribed to
individuals with COPD. Studies have shown that bronchodilators and inhaled corticosteroids
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have anti-inflammatory effects and can reduce mucus production in the airway epithelium 80. The
effects of bronchodilators and corticosteroids are not accounted for in this study and it could be
possible that their usage particularly in the groups with COPD could confound the results seen in
this study. Other factors, such as cannabis smoking, illicit drug use, or opportunistic lung
infections like P. jirovecii pneumonia are not accounted for in this study and can possibly play a
role in the altering the results of this study.
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Chapter 3: Characterization of RSV- induced damage to the small
airway epithelium
3.1 Overview
Along with age-related diseases, studies have found that PLWH on average experience
more severe symptom manifestations of respiratory viral infections and these respiratory viruses
have been implicated in contributing to pulmonary complications and morbidity in PLWH 72,73.
Respiratory viral infections have also been documented to play a key role in acute exacerbations
of COPD in which viral species abundance in the sputum collected from COPD patients during
exacerbations periods was substantially increased than what was seen during regular visits 75. The
interaction between HIV, COPD, and respiratory viruses has yet to be fully characterized,
particularly at the airway epithelium level. Despite the high complexity and tight regulation of
the airway epithelium, respiratory viruses such RSV can evade the innate immune defences of
the epithelium. Studies have shown that respiratory viruses have the ability to cause various
structural and functional disruptions including: epithelial integrity loss, mucus hypersecretion,
disruption of immune responses and making the airway epithelium susceptible to other
pathogens and bacterial infections all together60. We hypothesize that PLWH with COPD will
have impaired epithelial barrier integrity and aberrant mucus production in response to
RSV infection.

3.2 Methods
3.2.1 Virus Preparation
Human Long Strain Type A RSV (American Type Culture Collection (ATCC),
Rockville, MD, USA) was grown in house by propagating it on Hep-2 (ATCC) cell
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monolayers81,82. Hep-2 cells were cultured using Dulbecco’s Minimum Eagle Medium
(DMEM) mixed with 10% heat inactivated fetal bovine serum (FBS), 100 U/ml penicillin
and streptomycin along with non-essential amino acids and sodium pyruvate. These
monolayers were kept in an incubator set to 37°C with 5% CO2. The condition media
containing free virus was collected four days post-infection and centrifuged at 10,000x g for
a total of 10 minutes at 4°C. The clear supernatant was collected and was concentrated using
a Millipore Amicon ultra-15 Centrifugal 100 kDa cut-off membrane (#UFC910008,
Burlington, MA, USA) following the manufacturer’s instructions.
3.2.2 Air Liquid Interface RSV Infections
Primary human bronchial epithelial cells from bronchial brushings grown on monolayers
(passage 2) were propogated as 6 ALIs per donor on 24-well Corning cell culture inserts
(Stemcell Technologies) using Pneumacult-ALI media (StemCell Technologies) on the basal
side of the cultures. These ALIs were grown for 28 days after which three out of six ALIs per
donor were infected with RSV at multiplicity of infection 1 (MOI1) and the mock-infected
ALIs were exposed to phosphate buffered saline (PBS). The ALI plates were incubated with
the virus for 90 minutes in a 37°C incubator and the plates were gently shaken every 20
minutes to ensure equal distribution of virus. After 90-minute infections, the virus and PBS
were aspirated out and the inserts were washed with PBS. ALI plates were returned to the
incubator for a 72-hour incubation after which two ALIs were fixed in 10% formalin and
embedded in paraffin blocks (one block for unchallenged and one block for RSV infected).
3.2.3 Transepithelial Electrical Resistance (TEER)
TEER was used to measure the electrical resistance across the ALI barrier as a method to
confirm integrity and permeability of the epithelium. Typically, a reduction in TEER values
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indicates loosened tight junctions indicating damage to the epithelial integrity and increase in
permeability. TEER measurements were taken with two electrodes, one short and one long,
connected to an epithelial voltohmmeter (World Precision Instruments, Florida, USA).
During TEER measurements, 250 µl of PBS was added onto the apical side of each ALI. The
short electrode was placed inside the ALI insert on the apical side and the long electrode was
placed on the outside of the ALI insert in the basal media. The measurements provided the
resistance across the ALIs in ohms. Measurements were taken at time points: 0h (before RSV
infection), 24h post-infection (PI), 48h PI, and 72h PI. Raw TEER (Ohm) reading trends for
unchallenged and RSV-infected ALIs found in Figure C.1 and C.2, respectively.
3.2.4 Periodic Acid Schiff (PAS) Staining
4 µm sections of 72h PI ALIs fixed in formalin fixed paraffin embedded (FFPE) blocks
for each treatment (unchallenged and RSV-infected) ALIs per donor were cut, deparaffinized in CitriSolv and rehydrated. These slides were oxidized in 1% periodic acid
solution for 5 minutes before being rinsed and placed in the Schiff reagent for 15 minutes.
This reagent was then washed off for 5 minutes before doing a counterstain in Mayer’s
hematoxylin for 1 minute. After washing off the slide with water, the slides were dehydrated
and coverslipped to be imaged. These slides were then imaged and analyzed using
ImageJ/Fiji (National Institutes of health, Maryland, USA) where the % area of positive
signal was calculated based on the surface area of the ALI, which was determined by setting
a region of interest for each individual ALI. Fold change percent area signal was calculated
by dividing the RSV-infected ALIs percent area signal values with their respective mockinfected ALI counterparts.
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3.2.5 Immunohistochemistry (IHC)
4 µm sections of 72h PI ALIs fixed in FFPE blocks for each treatment (unchallenged and
RSV-infected) ALIs per donor were cut, de-paraffinized in CitriSolv and rehydrated. These
slides were then stained using Fast Red substrate on a Leica auto-stainer (Leica Biosystems,
Wetzlar, Germany) for 2 different targets: E-Cadherin at a dilution of 1:150 (#3195, Cell
Signaling Technology, Massachusetts, USA) and MUC5AC at a dilution of 1:7500 (M5293,
Sigma Aldrich, Missouri, USA). For confirmation of successful RSV infection, an
unchallenged and RSV-infected ALI was stained in using Fast Red substrate on the Leica
autostainer with RSV antibody at a dilution of 1:100 (#NCL-RSV3, NovoCastra Labs, UK).
These slides were imaged and analyzed using ImageJ/Fiji (National Institutes of health,
Maryland, USA) where the % area of positive signal was calculated based on the surface area
of the ALI. Fold change percent area signal was calculated the same way as aforementioned
in section 3.2.4.
3.2.5 Data Analysis
Data was visualized using GraphPad Prism 5.0 software (GraphPad Software Inc). TEER
data was analyzed on RStudio (RStudio, Massachusetts, USA) using a linear mixed effects
(LME) model and a timepoint ANOVA analysis with a Tukey’s multiple comparison test,
significance set to p<0.05, was conducted on GraphPad Prism. IHC data for all three targets
was analyzed using a Kruskal-Wallis test with a Dunn’s multiple comparison test,
significance set to p<0.05, on GraphPad Prism. An ANOVA analysis with Tukey’s multiple
comparison test was used to compare the percent area signal differences between the test
groups in each of their treatment types, and independent t-tests for each test group to
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compare differences between unchallenged and RSV-infected ALIs were used, significant
set to p<0.05, on GraphPad Prism.

3.3 Results
3.3.1 ALI RSV Infection
Figure 4 consists of 2 representative images taken from an unchallenged and RSVinfected ALI derived from the same control. From these images, it can be seen that compared
to the unchallenged ALI, there is substantial staining for RSV in the RSV-infected ALI,
confirming that the RSV infections are working on the ALIs.

Figure 4: Representative 40x magnification images of mock-infected (top) and RSVinfected (bottom) ALI derived from control donor stained with RSV (pink stain).
Compared to control’s mock-infected counterpart, there is substantial RSV staining in the
RSV-infected control ALI.
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3.3.2 ALI tissue integrity and paracellular permeability
TEER measurements of unchallenged and RSV-infected ALIs were taken at time points
0h, 24h, 48h and 72h, to investigate epithelial barrier integrity changes post infection. The
resulting data is presented as the percent relative to the mock infection at the four different
time points. The relative to the mock values were calculated by divided the RSV-infected
ALI TEER values with their respective mock-infected ALI counterparts and multiplied by
100. Although TEER values of the RSV-infected ALIs for the control group remain stable
over the 72 hours, there was an overall decrease in TEER values for both COPD and
HIV/COPD groups over time, with HIV/COPD having the lowest TEER values of the four
groups. However, HIV TEER increased during the first two days before dropping down at
72h (Figure 5). The linear mixed effects model found that the COPD and HIV/COPD TEER
trends change significantly over time when compared to the HIV TEER trend (p=0.0170 and
p=0.0168, respectively). The timepoint ANOVA analysis found that at time point 48h, the
TEER values for HIV were significantly different than the TEER values for HIV/COPD
(p=0.0239).
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Figure 5: Percent Relative to Mock Infected TEER values of RSV infected ALIs over a
72-hour time period. COPD and HIV/COPD RSV TEER values decrease over the span of
72h compared to the other two groups, with HIV/COPD having the lowest TEER values by
the last two days of the experiment. HIV RSV TEER trends increase compared to control and
then have a steep drop by the 72h time point.
72h PI ALIs fixed in FFPE blocks were stained for E-Cadherin quantification. Figure 6
consists of representative images from the 4 test groups with both the unchallenged and
RSV-infected ALIs stained for E-Cadherin. An ANOVA analysis with Tukey’s multiple
comparison test determined that there was a significantly lower absolute percent area signal
of unchallenged HIV ALIs when compared to unchallenged COPD ALIs (p=0.021). Aside
from this difference, an ANOVA test determined were no significant differences observed
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between the test groups of RSV-infected ALIs (p=0.5267) and a t-test for unchallenged and
RSV-infected ALIs in each group did not yield any significant differences (control p=0.4318,
COPD p=0.3261, HIV p=0.4625, HIV/COPD p=0.2047).

Figure 6: Representative 20x magnification images of mock-infected (left panel) and
RSV-infected (right panel) ALIs derived from control, COPD, HIV, and HIV/COPD
patients stained with E-Cadherin (pink stain).
The percent area signal of E-Cadherin normalized to the ALI surface was calculated for
all unchallenged and RSV-infected ALIs stained with E-Cadherin. The resulting data are
presented as the fold change in percent area signal of E-Cadherin in RSV-infected ALIs
compared to the unchallenged ALIs (Figure 7). Although, the Kruskal-Wallis with Dunn’s
multiple comparison test did not yield statistically significant differences between the E37

Cadherin expression in the test groups, there is a trend towards an increase in E-Cadherin
expression in RSV-infected ALIs derived from HIV patients (p=0.0714).

Figure 7: The percent area signal fold change in unchallenged versus RSV-infected ALI
E-Cadherin expression. Statistically insignificant changes in E-Cadherin fold change
expression in RSV-infected ALIs between all test groups (p>0.05).
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3.3.3 ALI Mucus Production
72h PI ALIs fixed in FFPE blocks were stained with PAS for mucopolysaccharide
quantification. Figure 8 consists of representative images from the 4 test groups with their
unchallenged and RSV-infected ALIs stained with PAS. An ANOVA analysis with Tukey’s
multiple comparison test did not find any significant differences percent area signal between
the test groups in both unchallenged (p=0.2929) and RSV-infected (p=0.3936) ALIs.
Furthermore, t-test analysis of unchallenged and RSV-infected ALIs in each test group also
yielded insignificant results (control p=0.591, COPD p=0.4265, HIV p=0.3482, HIV/COPD
p=0.4963).

Figure 8: Representative 20x magnification images of mock-infected (left panel) and
RSV-infected (right panel) ALIs derived from control, COPD, HIV, and HIV/COPD
patients stained with PAS (purple stain).
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The percent area signal of mucopolysaccharides normalized to the ALI surface was
calculated for all ALIs stained for PAS. The resulting data are presented as the fold change in
percent area signal of mucopolysaccharides in RSV-infected ALIs compared to the
unchallenged ALIs (Figure 9). Although, the Kruskal-Wallis with Dunn’s multiple
comparison test did not yield statistically significant differences between the
mucopolysaccharide staining in the test groups, there is a trend towards an increase in
staining in RSV-infected ALIs derived from HIV patients (p=0.0640).

Figure 9: The percent area signal fold change in Unchallenged versus RSV-infected ALI
mucopolysaccharide staining. No statistically significant differences in
mucopolysaccharide fold change staining in RSV-infected ALIs between all test groups
(p>0.05).
72h PI ALIs fixed in FFPE blocks were stained for MUC5AC quantification. Figure 10
consists of representative images from the 4 test groups with both their unchallenged and
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RSV-infected ALIs stained for MUC5AC. The ANOVA analysis and Tukey’s multiple
comparison test did not yield any statistically significant differences between the test groups
for percent area signal in unchallenged (p=0.8322) and RSV-infected (p=0.8202) ALIs.
Moreover, the individual t-tests in each test group comparing the percent area signal between
respective unchallenged and RSV-infected ALIs also did not yield any significant differences
(control p=0.8188, COPD p=0.5975, HIV p=0.6552, HIV/COPD p=0.8358).

Figure 10: Representative 20x magnification images of mock-infected (left panel) and
RSV-infected (right panel) ALIs derived from control, COPD, HIV, and HIV/COPD
patients stained with MUC5AC (pink stain).
The percent area signal of MUC5AC normalized to ALI surface was calculated for all
ALIs. The resulting data in figure 11 are presented as the fold change in percent area signal
of MUC5AC in RSV-infected ALIs compared to the unchallenged ALIs. Unlike the PAS
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data for mucopolysaccharide staining, there seems to be no significant differences between
the test groups. Overall, the Kruskal-Wallis test with Dunn’s multiple comparison test did not
yield any statistically significant different fold changes between the test groups (p=0.3906)

Figure 11: The percent area signal fold change in unchallenged versus RSV-infected
ALI MUC5AC expression. No statistically significant differences in mucopolysaccharide
fold change staining in RSV-infected ALIs between all test groups (p>0.05).

3.4 Discussion and Conclusion
TEER is an important measurement that helps quantify the integrity and permeability of
the airway epithelium. Typically, a decrease in TEER values indicates a decrease in resistance in
the epithelium which could be suggestive of disruption within TJs and thus an increase in
permeability. The resulting TEER data in our study demonstrated that although control ALIs
maintained a fairly stable epithelial resistance with RSV infection, there was an overall decrease
in epithelial resistance over the four time points for RSV-infected ALIs derived from HIV-
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uninfected COPD patients and PLWH with COPD. Moreover, ALIs from PLWH with COPD, on
average, had the lowest electrical resistance between the four test groups. The TEER values for
the ALIs derived from PLWH without COPD behaved differently in that there was an increase in
epithelial resistance in RSV-infected ALIs during first two days before dropping down at the 72h
time point.
Overall, we found that RSV infection induced the greatest epithelial integrity damage and
permeability in ALIs that were derived from patients with COPD regardless of HIV status.
Interestingly, PLWH without concomitant COPD did not display this increasing damage to the
airway epithelium upon RSV infection. This may suggest that post-viral small airway injury is
largely driven more by COPD than by HIV infection alone, at least in our cohort of wellcontrolled PLWH of whom the majority had undetectable viral loads. This epithelial barrier
injury may contribute to worse outcomes of respiratory viral infections in both COPD and
PLWH with COPD patients. What role smoking itself may have had in contributing to this postviral epithelial barrier permeability was unable to be assessed in our study, as the majority of
patients in our cohort were former and not current smokers. Future studies may include not only
expanding our cohort to include more current smokers but also potentially exposing ALIs
derived from control, COPD, and PLWH with and without COPD to cigarette smoke, prior to
replicating the RSV infection experiments. This would allow us to examine how ongoing
cigarette smoke exposure might modulate the response to RSV infection, potentially augmenting
the epithelial permeability already observed in COPD patients and PLWH with COPD.
E-Cadherin is an important AJ protein that aids in facilitating barrier function. Typically,
a decrease in E-Cadherin expression within the airway epithelium is indicative of loss of
epithelial barrier function. Interestingly, despite the loss in epithelial resistance seen in our TEER
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data, there was no clear trend seen with E-Cadherin expression and the differences between the
test groups for both unchallenged and RSV-infected ALIs were insignificant. However, there
was a trend towards an increase in E-Cadherin expression in RSV-infected ALIs that were
derived from PLWH without COPD. It could be possible that this increase in the barrier function
may explain the brief increase in epithelial resistance at 48h that was observed in the TEER data
for ALIs derived from PLWH. Further permeability of ALI testing could be done by conducing
western blot analysis targeted for E-Cadherin to confirm the staining results that were found in
this study.
Studies have shown that both COPD and HIV can cause alterations in the functional
composition of their airway epithelium11. Chand et al found that in cynomolgus macaque lungs
that were exposed to both cigarette smoke and SHIV independently upregulated MUC5AC, an
important protein linked to mucus secretion, and induced mucus hypersecretion, the effects of
which were synergistically increased in the cigarette smoke and SHIV lung 11. Moreover,
respiratory viruses, like RSV, have been documented to also increase mucus production via
increased goblet cell expression and upregulation of MUC5AC 60. In our study, although the PAS
fold changes were not statistically significant between the four groups, there was a trend towards
an increase in mucopolysaccharide staining in RSV-infected ALIs derived from PLWH. A
similar trend was seen in HIV RSV-infected ALIs in MUC5AC staining. Despite this, there is no
clear relationship observed between mucus production and RSV infection in each of the disease
groups.
Overall, this study demonstrated that while PLWH with COPD may be vulnerable to
impaired epithelial barrier integrity and permeability upon RSV infection as measured by TEER,
there was no evidence that mucus hypersecretion or cell-to-cell adhesion as measured by E44

cadherin was in any way worse than in uninfected controls. This study has several limitations
which may have accounted for the somewhat counterintuitive results. As aforementioned, ALIs
do not entirely recapitulate the airway epithelium. In vivo, the airway epithelium is continuously
exposed to the external environment via inhalation and also interacts with immune cells and
blood vessels. It could be possible that without these elements in vitro, the structural and
functional disruptions that RSV infection may cause in vivo may not be entirely mirrored in this
model. Furthermore, the degree to which each ALI was infected with RSV varied despite using a
consistent MOI. This variability may have confounded our results. Subsequent experiments
measuring cytokines such as IL-8 or IL-13, known to play an important immunomodulatory role
in RSV infection83,84, might provide reassurance that our RSV model was indeed reflective of a
significant infection. Third, a large limitation of this study is that most of the ALIs were derived
from passage 2 monolayer cells that have been frozen for 1-2 years as the rise of the COVID-19
pandemic slowed down patient recruitment considerably. Aged cells were found to have
difficulty growing and propagating into differentiated ALIs when compared to more freshly
collected cells. With most of the ALIs derived from passage 2 cells, it is possible that without the
native inflammatory milieu of the airway from which the cells were collected, the cells that were
propagated into ALIs were not entirely reflective of the donor host. Going forward, it may be
interesting to replicate this study on fresh passage 0 cells propagated as ALIs to see if there is a
difference in epithelial integrity and mucus production with the introduction of RSV in the four
test groups. Although RSV is a good respiratory viral challenge model, it should also be noted
that it commonly causes only mild cold-like symptoms in most adults and is considered a more
severe pathogen usually in children under the age of 5 years old 85. Other viruses that have a more
significant clinical impact in adults such influenza or SARS-CoV2 could yield different results
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and impact the HIV airway epithelium more severely than our RSV model. Finally, with the
slow recruitment of patients, the sample size in this study is relatively small, limiting our power
to detect significant differences between the study groups and also our ability to evaluate the
impact HIV viral control and smoking might have on the response to respiratory viral infections.
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Chapter 4: Conclusions and Future Directions
4.1 Conclusions
With the high rate of PLWH developing COPD and a higher likelihood of death due to
COPD symptoms, it is important to understand the relationship between HIV and COPD to find
underlying mechanisms beyond tobacco exposure alone. COPD is deeply linked to structural and
functional disruptions in the airway epithelium that induce chronic inflammation and the
destruction of tissue. How HIV might augment these injury responses in the airway epithelium to
increase the chance of developing COPD is still largely unknown. In our study, using a unique
bronchoscopy cohort of PLWH with and without COPD, we found that PLWH with COPD
demonstrated increased expression of HIV canonical receptors in their airway basal epithelial
cells, particularly CXCR4 and CCR5, in comparison to control patients. CXCR4 and CCR5
receptors are important in the inflammatory response. An increase of these receptors in basal
cells may indicate that COPD, PLWH and particularly PLWH with COPD not only might have
increased inflammation within the airway epithelium, but also that they may have cellular
machinery allowing for greater interaction between HIV and the airway epithelium. Whether this
interaction could result in increased inflammation and epithelial damage to the airway milieu
should be clarified in future studies.
PLWH have increased susceptibility and tend to experience worse manifestations from
respiratory viral infections. Although the airway epithelium is a tightly regulated and highly
complex physiochemical barrier respiratory viruses like RSV are able to evade the immune
system and cause functional and structural disruptions. Most importantly, respiratory viruses can
interact with the airway epithelial cells and induce epithelial barrier integrity loss and mucus
hypersecretion. In our study, we found that RSV infection of airway epithelial cells derived from
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PLWH with COPD induced loss in epithelial resistance indicating a disruption in barrier
integrity and increase in permeability. Interestingly, this decrease was not seen with PLWH
without COPD. This may suggest that COPD may play a larger role in post-viral small airway
injury than HIV infection alone.

4.2 Future Directions
The idea of HIV interacting with and actively infecting airway epithelial cells is still
controversial in the literature. While we have demonstrated in our study that the cellular
machinery may exist in basal airway epithelial cells to promote this interaction, investigating
direct viral entry and infection of the airway epithelium was beyond the scope of our work. Early
studies have suggested that HIV may be able to infect and induce apoptosis within renal tubular
epithelial cells27, but investigations regarding airway epithelial cells themselves remain
inconclusive 12,71. What evidence that does exist to support the notion of airway epithelial
infection suggests that this most likely occurs along the basal cells, consistent with our findings
that HIV canonical receptor expression was upregulated in the basal cell monolayers of PLWH
with COPD71.
To further study if HIV can interact with, damage, and/or infect primary airway epithelial
cells, future experiments can include co-culturing basal cell monolayers and ALIs with HIVinfected macrophages, an experimental model that might better recapitulate the natural airway
epithelial environment. Possible tests to investigate whether or not HIV is able to productively
infect and integrate into these cells include the collection of basal and apical washes at different
time points post infection to quantify p24 antigen concentrations, along with collecting exposed
cells at different time points to detect proviral DNA and viral genomic RNA via qRT-PCR. From
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these studies, the direct effects of HIV-infected macrophages or HIV virus alone on the airway
epithelium can be studied, particularly their effects on epithelial barrier integrity and function.
A key component in HIV-associated COPD that was not addressed in this study is the
effects of cigarette smoke. Since there is a high prevalence of smoking in PLWH, understanding
the cumulative effects of cigarette smoke and HIV on the airway epithelium can help identify
key mechanisms by which PLWH develop more severe forms of COPD. Possible future studies
to address this could include exposing these ALI-macrophage co-cultures to cigarette smoke and
then investigating airway epithelial barrier integrity changes through epithelial resistance, the
morphology of the airway epithelium and mucus secretion studies. Characterization of
proapoptotic mediators and inflammatory gene expression might also help to understand the
potential damage that could ensue with the combination of HIV and smoking on the airway
epithelium, ultimately leading to COPD in this population.
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Appendices
Appendix A: qRT-PCR run in Chapter 2
Table A.1: Protocol for qRT-PCR run for HIV canonical receptor mRNA expression in Chapter
2
Temperature

Time

Cycles

95°C

30 seconds

1x

Denaturation

95°C

10 seconds

40x

Annealing

64°C

1 minute

Melt Curve

95°C

1x

60°C

1x

95°C (rate of 15°C/s)

1x

Polymerase
Activation

Table A.2: Raw CT value data for CD4 mRNA expression qRT-PCR
Control

COPD

HIV

HIV/COPD

25.80097761

25.14049237

27.56513543

24.57786455

25.29119288

26.88238237

25.84710422

26.09094244

24.84173299

26.34024209

25.3297208

25.96976049

30.21287115

26.02490413

-

26.9401777

25.26135356

-

-

25.33026616

-

-

-

26.36659698
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Table A.3: Raw CT value data for CXCR4 mRNA expression qRT-PCR
Control

COPD

HIV

HIV/COPD

27.76388498

27.23122974

28.05982605

27.93059881

26.10017739

27.88508041

26.36181032

26.43733944

26.02125462

26.63703227

25.11692934

26.03448562

27.83650336

26.09536065

-

26.47198537

26.20290087

-

-

25.30918751

-

-

-

26.33429132

Table A.4: Raw CT value data for CCR5 mRNA expression qRT-PCR
Control

COPD

HIV

HIV/COPD

27.87850165

27.19109923

28.10440187

27.88081729

26.28033426

28.23480229

26.28059137

26.79385413

26.47795234

26.71184782

24.7348776

26.51735902

27.65754119

26.27539555

-

26.67647997

26.20952748

-

-

25.50640434

-

-

-

26.44978755
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Appendix B: Western blot analysis in Chapter 2

Figure B.1: Monolayer western blot representative blot

Figure B.2: ALI western blot representative blot
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Appendix C: TEER analysis in Chapter 3

Figure C.1: Raw absolute Ohm reading trends for unchallenged ALI TEER experiments

Figure C.2: Raw absolute Ohm reading trends for RSV-infected ALI TEER experiments
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