VIRAL-BACTERIAL INTERACTIONS IN CYSTIC FIBROSIS LUNG DISEASE

by
Matthew Ryan Hendricks

Bachelor of Science, University of Oregon, 2012

Submitted to the Graduate Faculty of
School of Medicine in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2017



UNIVERSITY OF PITTSBURGH

SCHOOL OF MEDICINE, MOLECULAR VIROLOGY & MICROBIOLOGY GRADUATE
PROGRAM

This dissertation was presented

by

Matthew Ryan Hendricks

It was defended on
December 1, 2017
and approved by
Jeffrey L. Brodsky, Ph.D., Avinoff Professor, Department of Biological Sciences
Carolyn B. Coyne, Ph.D., Associate Professor, Department of Pediatrics
Saumendra N. Sarkar, Ph.D., Associate Professor, Department of Microbiology and
Molecular Genetics
Robert M.Q. Shanks, Ph.D., Associate Professor, Department of Ophthalmology
Dissertation Advisor: Jennifer M. Bomberger, Ph.D., Associate Professor, Department of

Microbiology and Molecular Genetics



Copyright © by Matthew Ryan Hendricks

2017



VIRAL-BACTERIAL INTERACTIONS IN CYSTIC FIBROSIS LUNG DISEASE
Matthew Ryan Hendricks, Ph.D.

University of Pittsburgh, 2017

Pseudomonas aeruginosa is a Gram-negative, opportunistic pathogen that chronically infects
approximately 80% of cystic fibrosis (CF) patients by early adulthood, accounting for the
majority of morbidity and mortality in these patients. The development of chronic P. aeruginosa
infections in the CF lung involves the formation of highly recalcitrant biofilm communities.
Clinical observations have noted a correlation between respiratory virus infection and the
acquisition of chronic P. aeruginosa infection by CF patients, but the mechanism underlying this
interaction in the CF lung is not understood. In this dissertation, we hypothesized that respiratory
viral co-infection promotes P. aeruginosa biofilm formation on airway epithelial cells (AECs).
We demonstrate that in the presence of respiratory syncytial virus (RSV) co-infection, P.
aeruginosa biofilm growth is significantly increased. We observed that RSV infection increased
the release of iron-bound transferrin, suggesting that RSV infection disrupts iron homeostasis in
the airway epithelium. Iron is an essential nutrient for P. aeruginosa biofilm growth, and both
iron chelation and depletion of transferrin from apical secretions collected from AECs blocked
the biofilm stimulatory effect of RSV co-infection. We also demonstrate that RSV infection
promotes the apical release of extracellular vesicles (EVs) from AECs, which increases the
availability of iron-loaded transferrin in the apical secretions of AECs. Interestingly, purified
EVs stimulate P. aeruginosa biofilm growth, suggesting that host-derived EVs interact with a
bacterium to promote chronic bacterial infections. Finally, the innate immune response to virus
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infection, measured by type | and type Il (IFN-B and -A, respectively) interferon production,
peaks at the same time as virus-induced biofilms growth, and treatment of AECs with either IFN
replicates the enhanced biofilm growth observed during virus co-infection. Our data suggest a
novel mechanism by which the host response to viral infection contributes to the development of
chronic pulmonary P. aeruginosa infection and provide mechanistic insight into our

understanding of nutritional immunity in the lung.
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1.0 INTRODUCTION

A fundamental requirement for the survival of all living organisms, including the
microorganisms that constantly engage in pathogenic and symbiotic relationships with their
hosts, is the ability to acquire nutrients from the surrounding environment. For example,
transition metals are critical to many essential biological processes including replication,
transcription and metabolism. As a consequence, hosts and microorganisms are both involved in
a continuous struggle to outcompete each other for nutrients. This fosters a dynamic environment
in which many complex interactions take place between host and microbial proteins that
ultimately dictate whether microbes successfully colonize their hosts and in the case of
pathogenic microorganisms, cause disease. Studies at the host-pathogen interface have identified
many mechanisms by which the host regulates the availability of essential nutrients to limit
microbial growth and prevent infection, a collective process termed “nutritional immunity.” One
of the most widely studied nutrients at this interface is iron.

Epithelial cells are present at mucosal sites throughout the body and are constantly
exposed to both resident and infectious microorganisms, as well as other environmental factors.
The epithelium is responsible for many cellular processes critical to tissue homeostasis and
human health including the selective absorption of nutrients, detection of the extracellular
environment, secretion of signaling molecules and other products that mediate cell-to-cell

communication, and protects underlying tissues from infection by serving as the first line of



defense microbes encounter in the human body. Consequently, epithelial cells contribute to both
the physical and biological barriers that are utilized to prevent colonization by pathogenic
microorganisms and preserve human health. For example, tight junctions maintain the structural
integrity of the epithelial layer, providing a physical barrier, that prevents dissemination of
microorganisms into deeper tissues. In addition, epithelial cells secrete antimicrobial factors,
such as antimicrobial peptides and secretory IgA, that create an innate biological barrier
microorganisms must first circumvent to successfully colonize host tissues. Epithelial cells also
play a critical role in bridging the gap between the innate and adaptive immune responses to
invading microbes by secreting chemokines and cytokines [1-3]. In addition, the epithelium is
involved in additional mechanisms, such as nutrient sequestration, by which hosts limit microbial
colonization and growth. Due to these selective pressures, microorganisms have established
countermeasures to manipulate their environments and host epithelial cells to limit host immune
responses and colonize host tissues. Ultimately, it is these back-and-forth interactions between
the host and microbes at mucosal surfaces that determine the fate of infections and disease
outcomes.

In this regard, one aspect of the Bomberger lab focuses on nutritional immunity in airway
epithelial cells, and how these processes are altered during viral-bacterial coinfections to
promote nutrient accessibility and infection in the respiratory tract. Compared to previously
identified mechanisms of viral-bacterial interactions, the involvement of nutritional immunity is

unique in several aspects that will be explained in this dissertation.



1.1 CYSTIC FIBROSIS PULMONARY INFECTIONS

Cystic fibrosis (CF) is a genetic disease caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR). The first description of CF was made in 1938 by Dorothy
Andersen, who originally described mucus plugging of the pancreas and pancreatic insufficiency
in infants who experience malnutrition and died due to pulmonary infection [4]. At the time, this
disease was characterized by mucus plugging of the exocrine glands and patients did not survive
past early childhood due to lung infections [4]. In the last 80 years, tremendous progress has
been made understanding the basic biology of CF including: (i) the discovery that the sweat of
CF patients had an abnormally high salt concentration and development of the “sweat test,”
which led to the identification of patients with milder CF disease, (ii) identification of chloride
transport as the basic physiological defect in CF, and (iii) the identification of the CF gene [4].
There have now been more than 2000 CFTR mutations identified, of which 127 mutations meet
clinical and functional criteria for disease [5]. Deletion of phenylalanine at position 508 of CFTR
(AF508) is the most common mutation in CF patients. It is estimated that 70,000 individuals
globally have some form of CF, of which 30,000 individuals are in the United States. Because
CFTR is expressed on many cell types, including epithelial cells, CF is a multi-organ disease
characterized by disorders of endocrine, gastrointestinal, reproductive and respiratory systems.
However, the major determinant of mortality in CF patients is pulmonary disease. Infection with
the Gram-negative, opportunistic Pseudomonas aeruginosa in the CF lung has been associated
with significant morbidity and eventual loss of pulmonary function in patients [6, 7]. P.
aeruginosa is the most common bacterial species isolated from the respiratory tract of CF
patients, where it often establishes chronic infection and persists in the airways of patients for the

rest of their lives [6]. The lung environment is a major factor that impacts host-pathogen
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interactions and ultimately, a determinant of colonization of the lung by invading pathogens.
Loss of function of CFTR is associated with changes in the lung environment, many of which

create an environment that is favorable for P. aeruginosa colonization and chronic infection.

1.1.1 CFTR Activity and Lung Environment

Airway epithelial cells (AECs) are the first barrier in the respiratory tract encountered by inhaled
pathogens and foreign particles. Besides acting as a physical barrier that prevent dissemination of
inhaled material, ciliated cells in the airways actively contribute to removal of pathogens and
foreign material from the lungs in a process termed mucociliary clearance [8]. This process is
dependent upon proper airway surface liquid (ASL) hydration. The ASL consists of a periciliary
fluid layer with an overlying mucus layer. The periciliary layer acts as a barrier between the
mucus layer and cell surface that creates an optimal depth of ~7 um, which allows cilia to fully
extend and beat in the airways [9, 10]. In the non-CF airways, apical secretion of ClI- and HCO3
by the CFTR anion channel promotes the movement of water into the ASL, which maintains a
periciliary layer depth of ~7 um and reduces the viscosity of the mucus. This removes debris,
including bacterial and viral pathogens, that have been trapped in the mucus from the lungs. In
the CF lung, significantly reduced CFTR function leads to dehydration of the ASL, resulting in a
decrease in the depth of periciliary layer and ability of cilia to beat [9].

In addition to its role in mucociliary transport, the composition of the ASL is very
important innate defense mechanism of the airways. For example, antimicrobial peptides are
produced by AECs and are important antibacterial components of the ASL [11-13]. Moreover,
synergistic and additive killing of bacteria by antimicrobial peptides found in the ASL has been

observed [14]. The functional activity of antimicrobial peptides is sensitive to the environment,
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as both acidic pH and high salt concentrations decrease the antibacterial activity of antimicrobial
peptides [14-16]. In CF, the reduction in CFTR activity has been associated with more acidic
ASL [17-19]. In a pig model of CF, the ASL was also found to be more acidic than the ASL
from non-CF pigs [18]. Although the concentration of antimicrobial peptides in the ASL of non-
CF and CF pigs were similar, decreased killing of Staphylococcus aureus in the presence of ASL
from the CF pigs was observed [18]. The acidity of the ASL in CF has been associated with
decreased HCO3™ secretion due to reduced CFTR activity, and stimulation of HCO3™ secretion
alkalinized ASL collected from CF bronchial cells [17]. Interestingly, addition of HCO3 to ASL
from CF pigs increased both the pH of the ASL but also bacterial killing in the presence of the
ASL [18], suggesting that correcting the ASL pH defect in CF patients may be a therapeutic
target that could increase bacterial killing in the airways of CF patients. In addition, decreased
HCOg3" secretion, lower pH and ASL dehydration have been associated with increased mucus
viscosity in the CF lung [20-22]. MUC5AC and MUC5B, the predominant components of
airway mucus, are abnormally compact in CF airways, which likely results from a combination
of these changes to the ASL composition [22]. Mucus is an important part of innate immunity in
the lung that creates a barrier between the airway surface and particulate matter, including
infectious microorganisms. Mucociliary transport removes mucus from the airways and in the
CF lung this process is impaired due to these mucus abnormalities, thereby creating an
environment that is predisposed to bacterial infection.

Iron is essential nutrient for a wide variety of cellular processes, and due to the
requirement of iron for microbial growth, the host meticulously regulates iron so that it is
inaccessible to pathogens. Despite this regulation, iron levels are increased in the CF lung

compared to healthy controls (Table 1) [23-26]. Furthermore, in vitro studies have confirmed



that AECs with the AF508 CFTR mutation release greater amounts of iron than cells with
functional CFTR [27]. Given that increased iron levels are negatively correlated with pulmonary
function but positively correlated with bacterial burden, it has been suggested that iron may play
an important role in facilitating P. aeruginosa infections in the CF lung [25, 28]. Taken together,
these results suggest that defects in CFTR function are strongly associated with increased iron in
the airways of CF patients, but it is still not understood how defects in CFTR function regulate
iron homeostasis in the lung.

In summary, defects in CFTR function have many consequences for innate defenses such
as mucus clearance and iron abundance in the airways that impacts the environment in the lungs
of CF patients. The combination of all these factors creates a setting that is conducive to bacterial
infection in the CF airway, particularly chronic infection with P. aeruginosa, highlighting both
the importance of all these innate defenses for normal lung function but also the broad effect that
CFTR function has on airway physiology. However, the effect respiratory viral infection has on

many of these components, such as iron levels, in the CF lung have not been investigated.



Table 1: Total Iron Concentrations in CF Airways

Subject Iron Concentration sampling Iron
. Non-CF Detection Reference
Population Controls CF Method Method
Adults 0 _ 2425 + 2.1' Expectorated Colorimetric* (201"
ng/mg protein | ng/mg protein Sputum
Adults 0 uM 7.5+2.1uM BALF Colorimetric™ |  [26]"
63 uM
Adults Not Assessed (17 - 134 Expectorated | imetric” [23]™
Sputum
pM)
Acute: 44.4
uM
(17.0-128.7
Adults 0 013“ I;/I M uM) Exge(lzjti rr?]ted Colorimetric™ | [24]™
(0-13.2uM) | staple: 33.3 P
(0-111.2
pM)
Acute: 46.6
uM
(10.0 — 200.0
0uM uM) Expectorated . - -
Addlts 158 ,m) | Stable:340 | spuum | Colorimetrict | [25]
uM
(2.4-78.0
pM)
13.5 ug/L 56.9 ug/L
Adults (86-215 | (243-1153 Exggﬁt‘fﬁted ICP-OES | [30]™"
ug/L) ug/L)
32 uM
Pediatric Not Assessed | (Range: 3.7 — BALF Colorimetric™ | [28]7
118.5 uM)

“Total iron measured by colorimetric iron detection kits. Assay kits based on reaction of Fe?*

with chromogen to form colorimetric product. Iron is released from complexes (i.e. iron-binding

proteins) by acidic buffer, and Fe*" is reduced to Fe?* by reducing agent to measure total iron in

reaction. “"Data presented as mean + standard deviation. ““Data presented as median (range).



Iron concentration reported for CF patients during an acute exacerbation and clinically stable CF

patients. ““Data presented as median (range).

1.1.2 Chronic Infection and Biofilm Formation of Pseudomonas aeruginosa in the Cystic

Fibrosis Airway

Environmental isolates of P. aeruginosa are responsible for initial infections in CF patients and
occur in infancy or early adulthood. Infections are often aggressively treated and cleared by
antibiotics, but recurrent intermittent infections commonly follow. P. aeruginosa undergoes
genetic adaption over time to the lung environment during waves of antibiotic treatment and the
constant pressure imposed by the host immune system. It is hypothesized that the sinuses provide
a protected niche that allows for the genetic adaptation of P. aeruginosa occur, and bacteria from
the sinuses can recolonize the lungs following antibiotic eradication of P. aeruginosa in the
airways [31]. The time over which genetic adaptations occur is variable between patients and
bacterial isolates, but eventually clonal selection of a dominate strain occurs and establishes a
chronic infection [7, 31].

The development of chronic P. aeruginosa infections in the CF lung involves the
formation of highly recalcitrant biofilm communities. Biofilms are surface-associated
communities of bacteria, which are characterized by upregulation of antibiotic resistance genes
and polymeric matrix production that serve to protect bacteria from the antibiotic- and host
immune system-mediated clearance in the CF airways [32]. Biofilms in the environment perform
a similar function whereby they protect bacterial communities from stress such as heavy metal
intoxication and antibacterial compounds [33, 34]. Biofilm development occurs in a well-
coordinated manner in response to environmental cues, such as nutrient availability. Biofilm
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development has been described as a temporal process involving the transition through different
stages that begin with bacterial attachment to a surface. Attached bacteria multiply on the
surface, form microcolonies and then ultimately mature into biofilm structures. The final step in
biofilm development is the dispersal of bacteria from the biofilm, which can seed new sites for
infection and colonization [32, 35, 36]. Many factors are involved in the development of P.
aeruginosa biofilm growth, including the initiation of biofilm formation by increased production
of the second messenger cyclic-di-GMP (c-di-GMP), QS systems, production of
exopolysaccharides Pel and Psl, and the availability of environmental factors, such as
extracellular DNA (eDNA) and iron [34]. Iron is required for P. aeruginosa growth and biofilm
formation [37]. In addition, QS systems are a form of intercellular communication based on cell
density and the accumulation of small diffusible molecules produced by neighboring bacteria in
the environment. These systems have been shown to regulate virulence factor production, some
of which could be important for nutrient acquisition, and are important for biofilm production in
P. aeruginosa [38-41]. For example, a mutation in the P. aeruginosa las system (one of the QS
systems in P. aeruginosa) formed shorter, flat biofilms compared to the biofilms formed by wild
type bacteria, suggesting that mature biofilm formation requires intact QS systems [42].
Furthermore, QS regulates iron limitation-induced twitching motility. Mutations in the rhl QS
system in P. aeruginosa increased biofilm growth in iron-limited conditions, which was linked
with decreased twitching motility under these conditions [43]. The sputum of CF patients has
increased abundance of P. aeruginosa QS signals, N-(3oxododecanoyl)-L-homoserine lactone
(30C12-HSL) and N-butyryl-L-homoserine lactone (C4-HSL), produced by the las and rhl QS
systems, respectively [44]. This was suggestive that P. aeruginosa grows in biofilms in CF

airways, which had been hypothesized based on the observation that P. aeruginosa was highly



resistant to antibiotics in the CF lung [32]. In addition, microscopic examination of the explanted
lungs from CF patients has long demonstrated the intraluminal presence of alginate-positive P.
aeruginosa microcolonies in the lungs of CF patients, and more recently, the use of fluorescence
in situ hybridization peptide nucleic acid probes have also shown P. aeruginosa biofilm
architecture in the airways of CF patients [44-46].

The development of treatments that either inhibit biofilm growth or promote dissociation
of the biofilms in CF airways have been of great interest because biofilms contribute to
persistence of P. aeruginosa infections and the corresponding tissue-damaging inflammation in
patients. In this regard, DNase treatment is known to reduce P. aeruginosa biofilm formation and
bacterial colonization has been reduced in patient airways when treated with the therapeutic
Pulmozyme (rhDNase 1) [47, 48]. In addition, iron chelation has been shown to impair P.
aeruginosa biofilm growth and the use of iron chelation compounds increases the efficacy of

biofilm disruption with antibiotics [27, 49].

1.2 RESPIRATORY VIRAL INFECTIONS IN PATIENTS WITH CYSTIC FIBROSIS

AND OTHER CHRONIC LUNG DISEASES

Portions of this section are adapted from the published manuscript:
Matthew R. Hendricks? and Jennifer M. Bomberger?
Digging through the Obstruction: Insight into the Epithelial Cell Response to Respiratory
Virus Infection in Patients with Cystic Fibrosis. Journal of Virology, 2016. 90 (9): 4258-4261

(Copyright © American Society for Microbiology).
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4Department of Microbiology and Molecular Genetics, University of Pittsburgh School of

Medicine, Pittsburgh, PA 15219

Respiratory virus infections are common but generally self-limiting infections in healthy
individuals. In patients with chronic lung diseases, such as CF and chronic obstructive
pulmonary disease (COPD), respiratory viral infections are associated with acute exacerbations,
which generally involve acute episodes of increased respiratory symptoms (i.e. cough, fever,
increased sputum production, etc.) and decreased lung function (as measured by decline in
FEV1), that promote disease progression [50-64]. Importantly, acute exacerbations not only
contribute to progressive declines in lung function but also lead to decreases in quality of life for
these patients, including psychosocial health [65-69]. This highlights the important point that
besides the physical toll that respiratory viral infections have on patients with chronic lung
disease, there is also a psychological burden that patients and their families must confront, some
aspects of which are measurable and others not.

Early clinical studies reported low detection rates of viruses in patients with chronic lung
diseases. For example, in CF patients respiratory viral infections were associated with up to
approximately 40 to 50% of pulmonary exacerbations [51, 52, 54, 70-72]. However, these values
likely underestimated the true impact of respiratory viral infections on disease progression
because they are based on insufficiently sensitive detection methods, such as cell culture and
serology. The development of molecular diagnostics techniques by polymerase chain reaction
(PCR) has led to (i) an increased detection rate of respiratory virus infections in patients with
chronic lung diseases, (ii) a greater diversity of respiratory viruses identified in patients,

including picornaviruses and human metapneumovirus [53, 55], and (iii) an increased
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recognition that respiratory virus infections are associated with morbidity and acute
exacerbations in these patients. The more recently reported rates of detection of respiratory viral
infection during periods of pulmonary exacerbations in CF patients are now greater than 50%
[53, 55-58, 61]. RNA viruses influenza A virus, human rhinovirus (hRV), and respiratory
syncytial virus (RSV) are the most common viral infections detected in CF patients, with RSV
promoting early respiratory tract morbidity and hRV being the most common causative viral
agent in pulmonary exacerbation. Similarly high detection rates of respiratory virus infections
are observed in asthma (up to 80%) and COPD (up to 60%) exacerbations as well, with influenza
virus, hRV and RSV also being the most commonly identified viruses [62-64, 73-75]. Although
the incidence of viral infections is not greater in patients with CF than in healthy controls, the
severity and length of viral infections were amplified in patients with CF [55, 76]. In addition,
respiratory viral infections in CF patients are associated with increased antibiotic use [51, 53],
deterioration of pulmonary function [50, 51, 53, 54], and longer durations of hospitalizations [54,
71, 77]. RSV is reported to be account for 9-58% of all reported viral infections CF patients, with
a higher incidence in young children than adults [78]. Besides the association between
respiratory viral infections and morbidity, clinical studies have linked respiratory viral infections
with the development of chronic infections with the Gram-negative bacterium P. aeruginosa in
CF patients [53, 72, 79]. The mechanisms underlying the increased severity of respiratory viral
infections and the interactions between respiratory viruses and chronic bacterial infections in
patients with CF and other chronic lung diseases remains poorly understood despite the fact that
these observations have been made in the clinic for the past 30 years. Interestingly, an emerging
body of literature is beginning to suggest that the innate immune response to respiratory viral

infection likely plays a critical role in viral pathogenesis in chronic lung diseases. Moreover, it is
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now appreciated in the field that the protective antiviral immune response to viral infection also
has consequences for secondary bacterial infections by making the airway more permissive for
bacteria, suggesting that the viral-bacterial interactions are not simply direct interactions between
viruses and bacteria but are also facilitated by intricate relationships with host cells the airway.

In this regard, the Bomberger laboratory focuses on understanding the relationship
between respiratory viral infections and the development of chronic P. aeruginosa infections in
the CF lung and how the respiratory epithelium contributes to this interaction. As will be
described in this thesis, the mechanisms that contribute to the development of chronic bacterial
infections in the context of respiratory viral infections provide a unique perspective on viral-
bacterial interactions in the lung, as compared with previous reports that have described synergy

between viruses and bacteria in the respiratory tract.

1.2.1 Respiratory Syncytial Virus (RSV)

Respiratory syncytial virus (RSV) is an enveloped, negative-sense RNA virus that belongs to the
Orthopneumovirus genus within the Pneumoviridae family of viruses. The single-stranded RSV
genome has 10 genes organized as 3’-NS1-NS2-N-P-M-SH-G-F-M2-L-5’ that are transcribed
into separate MRNA encoding single viral proteins [80]. One notable exception is the M2
mMRNA, which contains two overlapping open reading frames (ORFs) for two distinct proteins,
M2-1 and M2-2. Translation of M2-2 is dependent upon re-initiation by ribosomes at a start
codon that overlaps the M2-1 ORF [81, 82]. The M2-1 and M2-2 proteins are important for
regulating RSV genome transcription and the balance between genome transcription and
replication, respectively [83, 84]. The nucleoprotein (N), phosphoprotein (P), and RNA-
dependent RNA polymerase (L) encapsulate the RSV genome to form the ribonucleoprotein

13



(RNP) complex. In addition, the RSV genome encodes three glycoproteins that are present in the
viral envelope: the glycoprotein (G), the fusion protein (F), and small hydrophobic protein (SH).
The G protein is important for viral attachment to host cells, whereas the F protein is important
for fusion of the viral envelope with host membranes for release of RSV RNP complexes into
cells [85]. Although multiple cell surface proteins, including CX3CR1, have been shown to
interact with the G protein, recent studies identified CX3CR1 as a cellular receptor that mediates
RSV entry in primary, well-differentiated human bronchial epithelial cells [86, 87]. The F
protein has also been shown to interact with host proteins such as nucleolin and TLR4, albeit
only in immortalized cell lines, and may play some role in viral attachment [88, 89]. In addition,
studies have shown that inhibition of clathrin- and dynamin-dependent endocytosis does not
inhibit RSV entry into host cells and that RSV can infect cells via macropinocytosis [90].
Together these studies suggest that RSV potentially has overlapping mechanisms by which it can
enter host cells. Following attachment and fusion, the RSV RNP complex is released into the
cytoplasm, where viral genomes are transcribed and replicated. Inclusion bodies are
hypothesized to be the location of viral transcription and replication due to the accumulation of
RNP complex proteins and viral RNA at these sites [91-93]. Progeny virions assemble and bud
from the surface of infected cells, and these processes are dependent upon the viral F and M
proteins [94-96]. Budding of RSV virions from the cell surface requires intact apical recycling
endosome sorting pathways, which involves Rabl1l family interacting protein 2 (FIP2), but
interestingly, is vacuolar protein sorting-associated protein 4 (Vps4)-independent, suggesting
that RSV release is not dependent upon endosomal sorting complexes required for transporter
(ESCRT) proteins [97, 98]. In addition, cholesterol rich microdomains (i.e. lipid rafts) have been

implicated in both RSV entry and release in host cells [99, 100]. However, the exact molecular

14



details of RSV replication, assembly and budding in host cells, and particularly the host factors

that are needed for these processes, remain to be fully elucidated.

1.2.2 Human Rhinovirus (hRV)

Human rhinoviruses (hRVs) are non-enveloped, positive-sense RNA viruses that belong to the
Enterovirus genus within the Picornaviridae family of viruses. They are grouped into three
species: hRV-A, hRV-B and hRV-C. Depending on the type, hRVs use intercellular adhesion
molecule 1 (ICAM-1), low-density lipoprotein receptor (LDLR) family members or cadherin-
related family member 3 (CDHR3) for entry [101-103]. Upon internalization, virions undergo
conformational changes due to cues from receptor-binding and the lower pH in endosomes and
release viral RNA into the cytoplasm of cells [104]. The single-stranded hRV genomes are
translated into a precursor polyprotein that is processed by viral proteases into 11 proteins, four
of which are capsid proteins. The remaining seven nonstructural proteins mediate viral
replication, and like with other picornaviruses, cellular membranes are remodeled to form
replication compartments, also referred to as replication organelles, at the endoplasmic reticulum
(ER)-Golgi interface during hRV replication [105]. The formation of replication compartments
during picornavirus infection is dependent upon both viral and host factors [105]. It was recently
demonstrated during hRV infection that phosphatidylinositol-4 phosphate (P14P) and cholesterol
are highly enriched at replication compartments [106]. There are two classes of
phosphatidylinositol-4 kinases (PI4K) that are responsible for producing PI4P from
phosphatidylinositol (PI), and interestingly, depending on the strain of hRV, different subsets of
PI4Ks are important for hRV replication. For example, hRV-A1A is less sensitive to PI4K3p

inhibition but is more sensitive to PI4K2a inhibition than hRV14, hRV16 and hRV37 [106].
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Similarly, multiple mechanisms are utilized by diverse strains of hRVs to promote cholesterol
accumulation in replication compartments [106]. Of particular note, oxysterol-binding protein
(OSBP)-like proteins are intracellular proteins important for cholesterol transport and are
involved in hRV replication. For example, inhibition of OSBP-1, which drives P14P-cholesterol
exchange between the ER and Golgi, broadly suppresses replication of many hRV strains,
demonstrating lipid flow in replication compartments is required for efficient hRV replication
[106]. Newly, synthesized hRV RNA is encapsidated by capsid proteins to form new virions,
which according to classical dogma are released from host cells by lysis [105]. However, recent
studies have suggested that hRV egress can occur by additional mechanisms, including non-lytic
release of virions packaged within phosphatidylserine lipid-enriched vesicles [107]. Other
picornaviruses, including coxsackievirus B and hepatitis A virus (HAV), can also be released in
membrane-enclosed vesicles, suggesting this may be a release mechanism broadly utilized by

picornaviruses and potentially other non-enveloped viruses [108, 109].

1.2.3 Antiviral Innate Immune Response to Respiratory Virus in Airway Epithelial Cells

The respiratory epithelium is a critical component of the innate immune system and the primary
site of host-pathogen interactions in the lung [110]. In addition, the airway epithelium is the
primary site of virus replication during respiratory virus infection, including RSV infections, and
plays a critical role in viral pathogenesis [111, 112]. When microbial ligands engage various
families of pattern recognition receptors (PRRs), distinct signaling cascades are activated within
AECs that coordinate the host’s response to the invading microbe. In the context of respiratory
viral infection, the most relevant PRRs are Toll-like receptors and retinoic acid-inducible gene I-
like receptors (RIG-I like), which detect double-stranded RNA (dsRNA), a by-product of virus
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replication. Detection of dSRNA by these receptors activates signaling cascades that culminate in
the induction of antiviral molecules called interferons (IFN). Type | and type Il IFNs are the
major IFNs produced by AECs in response to respiratory viral infection, including RSV [113-
115]. IFNs act in an autocrine and paracrine manner to induce the production of IFN-stimulated

genes (ISGs), which establish an antiviral state within AECs.

1.2.4 In Vitro Models of Airway Epithelial Cells from Patients with Chronic Lung Disease

The respiratory epithelium forms a critical mucosal barrier at which the body is constantly
exposed to the external environment. Consequently, AECs are equipped with many complex
functions that play critical roles in surveying, responding and clearing environmental factors,
such as infectious agents. To better mechanistically understand many of these functions,
investigators have commonly used cell culture models of the respiratory epithelium, including
primary human bronchial epithelial (HBE) cells cultured on porous supports at air-liquid
interface (ALI) [9, 116, 117]. These models are beneficial to investigators in that they allow the
specific study of epithelial function in the absence of other cell types, control of experimental
conditions, and because primary HBE cultures are originally obtained from explanted lungs, they
closely resemble in vivo physiology when cultured at ALI. In addition to primary HBE cells, and
driven mostly by the intermittent availability of primary HBE cells, many immortalized cell lines
have been developed for the study of the respiratory epithelium in chronic lung diseases,
including CF [118]. Both primary HBE and immortalized cell lines have been critical to our
understanding of many of the biochemical, genetic, immunological and physiological
mechanisms that occur at the respiratory epithelium in chronic lung diseases. For example,
investigators compared primary CF cell cultures to non-CF cells and observed airway surface
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liquid (ASL) height was decreased in primary CF cells, resulting in reduced reduce mucus

transport, which is now considered a hallmark of CF lung disease [9].

1.2.5 Impaired Antiviral Immune Response Contributes to Respiratory Virus-Induced

CF Exacerbations

Respiratory viruses cause significant morbidity in patients with chronic lung diseases, but the
underlying mechanism to explain this clinical observation has not yet been elucidated. Because
viral load is greater in patients with chronic lung diseases than control patients, the majority of
studies have focused on mechanisms that contribute to increased viral replication in the
respiratory epithelium. Although some studies suggest that alterations in interferon (IFN)
signaling and IFN stimulated gene (ISG) induction may play a role in increased viral replication
in the CF lung, a clear consensus on this topic has not been reached. Studies using primary AECs
have shown that primary CF AECs produce reduced levels of antiviral mediators downstream of
IFN signaling, specifically, nitric oxide synthase 2 (NOS2), 2’ ,5’-oligoadenylate synthetase 1
(OAS1), and signal transducer and activator of transcription 1 (STAT1), in response to human
parainfluenza virus 3 (HPI1V3) [119]. This results in greater release of infectious virus from CF
AECs compared to non-CF AECs [119]. Interestingly, similar levels of other known ISGs, such
as MxA and PKR, were produced in both CF and non-CF cells in response to HPIV3 challenge
[119]. In addition, a recent clinical study has demonstrated that the lower airway hRV burden is
greater in patients with CF than in healthy controls and that the greater hRV load in CF patients
is negatively associated with type I IFN levels in BAL fluid of the patients [120]. These studies
raise the question of whether CF AECs are inefficient at responding to virus infection and IFN
induction, have a blunted response to IFN and cannot signal efficiently, or respond to IFN
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stimulation but do not produce certain 1SGs. Recent work has demonstrated that CF AECs
produce levels of type I and I11 IFNs similar to those of non-CF AECs in response to either virus
infection or treatment with the dsSRNA analog polyinosine-polycytidylic acid [poly(l:C)] [121-
124]. Although the majority of ISGs that have been investigated thus far are similarly expressed
in both CF and non-CF cells in response to virus infection, a few notable ISGs have been
observed to be differentially expressed in CF versus non-CF cells, including MxA, PKR, and
viperin [119, 121, 124, 125]. So far, these studies have only measured a select subset of ISGs and
an extensive study comparing the full antiviral response in CF and non-CF AECs has not been
described yet, leaving open the possibility that many more ISGs are potentially dysregulated
between CF and non-CF AECs. Viral infections, and the PAMPs produced during viral infection,
are not the only triggers that induce the production of IFN in AECs. Recently, it was shown that
bacterial infections and LPS treatment also induced type I and 111 IFN production in AECs and
the airways of mice [122, 126, 127]. Although the ability to produce IFNs is similar between CF
and non-CF AECs during virus infection, induction of type I IFN was reduced in CF cell lines
compared to non-CF cell lines either infected with P. aeruginosa or treated with LPS [122]. One
explanation for this defect is that TLR4 surface expression is reduced in CF AECs [128]. Thus,
defects in the IFN response to stimulus may be attributed to both impaired IFN induction and/or
reduced expression of a subset of ISGs, but it appears that IFN induction is dependent upon the
stimulating ligand and signaling pathway triggered in CF AECSs. In the context of respiratory
viral infection, IFN induction appears fully intact, suggesting no defect in dSRNA PRRs or the
associated signaling pathways.

It is important to point out that inflammatory cytokine secretion is similar in CF and non-

CF AECs during respiratory viral infection [129]. Thus, the inflammatory response induced by
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virus infection in CF patients does not contribute to increased morbidity in these patients.
Because of the negative correlation between virus-induced cytotoxicity and inflammatory
cytokine production in CF AECs [129, 130], a possible explanation for the lack of an
exaggerated inflammatory response during viral infection could be the increased virus-induced
death of AECs in CF. Taken together, these studies suggest that reduced antiviral responses to
respiratory viral infections result in uncontrolled viral replication and increased viral burden, but
not exaggerated inflammation, in the CF lung. It appears that ISG induction plays a critical role
in determining viral burden in the CF lung, which likely has implications for virally-induced
exacerbations in CF, although a link between the two has not yet been established in vivo.
Further research will be needed to clearly define what defects exist in antiviral signaling
pathways in the CF airway. Whether there is an opportunity to design specific therapeutics that
target these pathways to limit virus infections and can be used to treat virus-induced
exacerbations in CF patients remains to be seen.

As in CF patients, the virus loads in asthma and COPD patients are higher following
respiratory viral infection than in healthy controls [131, 132]. Interestingly, studies with primary
HBE cultures have demonstrated that the antiviral innate immune response to respiratory virus
infection is impaired in these patients as well. For example, type | and Il IFN induction is
reduced in primary HBE cells from asthmatics compared to non-asthmatic cells in response to
hRV infection, and consequently, hRV replication is increased in asthmatic cells [133, 134].
Moreover, the levels of IFN that are measured in the airways of asthmatic patients are inversely
correlated with viral loads and exacerbation severity [134]. In contrast, it was recently reported
that there is no significant difference in hRV replication or type | or 11l IFN production between

primary HBE cells from asthmatic patients and healthy controls [135]. One potential explanation
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for this contradictory result is that primary HBE cells were isolated from patients with well
controlled asthma in this study, and the authors postulated that defective IFN induction in
response to respiratory viral infections in asthmatic patients may be a feature of more severe, less
well controlled disease [135]. Recently, it was shown that suppressor of cytokine signaling 1
(SOCS1), a negative regulator of the IFN response to respiratory viruses, is upregulated in
primary HBEs from asthmatic patients, suggesting a potential mechanism for the deficient
antiviral responses observed during respiratory viral infections in asthma patients [136]. In
addition, the production of inflammatory mediators and increased neutrophil influx during
respiratory viral infections in asthma and COPD patients has been reported and likely contributes

to the pulmonary damage patients experience during viral infections [131, 132].

1.2.6 Bacterial Coinfection During Respiratory Viral Infections in Chronic Lung Disease

Patients

Beyond the morbidity linked to respiratory viral infections alone, clinical studies have linked
respiratory viral infections with the development of chronic infections with the Gram-negative
bacterium P. aeruginosa in CF patients. P. aeruginosa is the most common bacterial pathogen in
patients with CF and is well known to have deleterious effects on lung function. Seasonal trends
have been noted in which the majority of patients with CF were initially infected with P.
aeruginosa during respiratory viral seasons [79]. In addition, up to 85% of new P. aeruginosa
colonization in CF patients occurred within 3 weeks following a respiratory viral infection [53].
In children hospitalized for severe respiratory symptoms in which a respiratory virus was
identified, 25% of patients were later infected with P. aeruginosa [71]. Overall, 35% of patients
who were hospitalized for severe respiratory symptoms were colonized with P. aeruginosa with
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12-60 months, and although in the majority of these patients a respiratory virus was not detected,
this study did not rely on PCR-based detection methods and likely underestimated the burden of
respiratory virus infection [71]. In addition, it has been observed that a rise in antipseudomonal
antibodies is preceded by a viral infection [72]. Although many viruses have been isolated from
CF patients, RSV has been reported to be the most common respiratory virus associated with the
development of chronic P. aeruginosa infections in CF patients [72]. However, the mechanisms
underlying how respiratory viruses enhance the development of chronic infections by P.
aeruginosa in CF patients remains poorly understood.

An association between respiratory viral infections and bacterial coinfection has also
been observed in asthma and COPD patients. Respiratory viral infection (only hRV infections
were included in analysis) increased the likelihood of bacterial detection, and thus, bacterial
burden in the upper respiratory tract in children with asthma [137]. Interestingly, both the
likelihood of bacterial coinfection and bacterial infection within one week following hRV
infection were increased in this study [137]. In clinical studies of COPD patients, it has been
observed that up to 60% of patients with a viral infection also have a bacterial coinfection and
that the presence of a viral infection increases bacterial burden of bacteria already in the lower
airway [74, 75, 138]. Moreover, in a cohort of COPD patients with hRV-positive exacerbations
who were negative for bacteria at presentation, 73% became positive for bacteria by day 14 post-
presentation [139]. The relationship between respiratory viral infection and subsequent bacterial
infections has been further established in studies with experimental hRV infection in patients
with COPD. In one study, it was shown that hRV infection increased secondary bacterial
infection in 60% of virally-infected patients whose sputum tested negative for bacterial culture at

the beginning of the study [140]. Bacteria investigated in this study were Streptococcus
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penumoniae, Haemophilus influenzae, Moraxella catarrhalis, S. aureus, and Haemophilus
parainfluenzae. In further studies with this model, it has been observed that hRV infection alters
the respiratory microbiota in patients with COPD and that these changes are evident up to 42
days post-hRV infection [141]. This suggests that respiratory viral infection potentially not only
alters the abundance of what are thought of as traditionally pathogenic bacteria but also the
overall microbial composition in the airways of COPD patients. Other studies have also made
similar observations, showing that respiratory viral infection and the resulting antiviral immune
response can alter the microbiome of the upper respiratory tract [142]. Interestingly, observations
in asthma, COPD, and CF patients have similarly noted that bacterial acquisition can occur
following peaks in respiratory virus infection [71, 137, 139]. This suggests that respiratory viral
infections not only have short-term consequences that predispose patients to secondary bacterial
infection at the time of viral infection, but also can have long-term consequences on airway
physiology that makes the airway more permissive for secondary bacterial pathogen after the
virus has been cleared. Again, very little is understood about the mechanisms underlying how
respiratory viruses alter airway physiology to promote a more permissive environment for

secondary bacterial infection.

1.3  VIRAL-BACTERIAL COINFECTION IN THE RESPIRATORY TRACT

Studies of viral-bacterial interactions in the respiratory tract have revealed many mechanisms by
which a preceding virus infection promotes secondary bacterial infection. Many studies have
focused on the interactions between influenza virus and secondary bacterial infections caused by

commensal organisms of the upper respiratory tract, namely S. pneumoniae and S. aureus.
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However, as our understanding of viral-bacterial co-infections continues to grow, it is now
recognized that respiratory viral infections are associated with severe secondary bacterial
infections in both acute, such as bacterial pneumonias, as well as chronic, such as CF, pulmonary
disease settings. Moreover, the field of viral-bacterial co-infections has expanded to investigate
interactions between diverse viral and bacterial pathogens. Although many mechanisms have
been described by which viruses predispose the airways to secondary bacterial infection, they
can be broadly categorized as: (i) the virus augmenting bacterial adherence to the respiratory
epithelium or (ii) dysregulation of antibacterial immune responses due to viral infection. In this
dissertation, we focus on the interaction between RSV and P. aeruginosa. Our data provides
evidence that respiratory viral infection dysregulates nutritional immunity in the airways to
promote P. aeruginosa biofilm growth, which represents an emerging mechanism by which

viruses are observed to predispose the airways to secondary bacterial infection.

1.3.1 Viral Infection Enhances Bacterial Adherence to Airway Epithelial Cells

Viral infections have been described to increase bacterial attachment to respiratory epithelial
cells through many distinct mechanisms that may play a role in establishing bacterial infections.
Moreover, increased binding of bacteria to virus-infected cells does not appear to be dependent
on any single respiratory virus infection and multiple combinations of bacterial and viral
pathogens have been described. Respiratory viral infections are known to target ciliated cells and
damage the respiratory epithelium [143, 144]. This benefits bacterial attachment by (i) impairing
mucociliary clearance, which increases airway obstruction [145], and (ii) exposing basal cells
and basement membrane, which provide additional sites where bacteria may readily adhere [146,
147]. Moreover, RSV infection reduces the periciliary layer depth below the optima height of 7
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um required for cilia to beat, which would result in impaired mucociliary transport [10]. Viral
infection can upregulate the expression of bacterial receptors on host AECs, such as intercellular
adhesion molecule 1 (ICAM-1), platelet activating factor receptor (PAFR), and a5 integrin [148-
150]. For example, it was shown that influenza virus infection increased TGF-f signaling, which
was required for augmented surface expression of a5 integrin and bacterial adherence to AECs
during viral infection, demonstrating that the immune response to respiratory viral infection may
play a role in upregulation of bacterial receptors on host AECs and bacterial coinfection in the
respiratory tract [150]. Bacteria can also directly bind to viruses or viral structures on virally-
infected cells, which act as coupling agents to increase bacterial interaction with the respiratory
epithelium [151-153]. In the case of RSV, the S. pneumoniae penicillin binding protein 1a binds
to the RSV G proteins, which leads to increased attachment of S. penumoniae to AECs and
increased virulence in vivo [154]. The magnitude of these effects have been reported to be
dependent upon cell type and the strain of the viral or bacterial pathogens investigated [148,
155]. In terms of in vivo infection, the likely explanation for the decreased bacterial clearance

observed during coinfection in the respiratory tract is due to a combination of all these effects.

1.3.2 Immunological Alterations in Antibacterial Immunity at the Respiratory

Epithelium during Respiratory Viral Infection

The respiratory epithelium is the primary site of viral replication and PRR-mediated detection of
viral infection results in the production of type I and I1l IFNs that mediate the antiviral immune
response. The release of IFNs has been observed to subvert many antibacterial response in the

airways, and although this response is crucial for viral immunity and clearance, it creates an
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environment that is unable to control bacterial growth and is predisposed to secondary bacterial
infection. In a mouse model of influenza infection, type | IFN signaling was shown to be
responsible for impaired phagocytic chemoattractant production in the airways and as a result,
decreased macrophage and neutrophil responses during secondary bacterial infection [156, 157].
Conversely, in other studies, influenza infection did not lead to decreased neutrophil or
macrophage recruitment to the airways during bacterial coinfection [158, 159], suggesting that
mechanisms besides inflammatory cell recruitment likely contribute to diminished bacterial
clearance. Type | IFN signaling in response to influenza infection was also shown to diminish
Th17 immunity, including IL-17 and IL-22 production in the airways, resulting in decreased
production of antimicrobial peptides and increased susceptibility of mice to bacterial infection in
response to influenza infection [158-160]. Impaired antimicrobial peptide production has also
been observed in the airway of chinchillas following RSV infection [161]. Interestingly,
respiratory viral infection increases susceptibility to both Gram-negative (i.e. Escherichia coli
and P. aeruginosa) and Gram-positive (S. pneumoniae and S. aureus) bacterial pathogens [156,
159]. As a proof of principle that impairment of bacterial clearance in the airways is due to an
antiviral immune response, independent of virally-mediated tissue injury or some other alteration
in host physiology facilitated by viral proteins, it was demonstrated that intranasal administration
of poly(l:C) was sufficient to induce type | IFNs in the airways and impair bacterial clearance
from the lungs of animals [162]. Type Il IFN production has also been shown to contribute to
reduced clearance of P. aeruginosa from the airways [127], although the mechanism(s) by which
type Il IFN contributes to inhibition of bacterial clearance during viral-bacterial coinfection are

even less well understood than those discussed for type | IFNs.
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Besides inducing the production of type I and Il IFNs, the pathways activated by the
PRRs that sense respiratory viruses also culminate in the expression of pro-inflammatory
chemokines and cytokines [163]. For example, RSV and hRV infections increase the release of
the pro-inflammatory cytokine IL-6 and IL-8 from AECs [164, 165]. These signaling pathways
must be tightly regulated to minimize over-activation and immune-mediated pathology.
Consequently, these regulatory mechanisms may delay the response to secondary infections in
the context of coinfections when cells continuously encounter multiple pathogens. In a mouse
model of influenza infection, it was shown that macrophage and neutrophil recruitment to the
airways was impaired during secondary S. pneumoniae infection [166]. Interestingly,
macrophages isolated from influenza-infected mice were hypo-responsive to bacterial ligands in
this study, but the authors did not provide a mechanism for TLR desensitization and postulated
that the signaling molecules downstream of TLRs were either downregulated or functionally
augmented as a result of viral infection [166]. Defects in phagocyte recruitment and function in
response to respiratory viral infection have also been reported to lead to decreased bacterial
clearance during coinfection in models of RSV, hRV and other models of influenza infection
[167-169]. In regards to neutrophils, myeloperoxidase activity was the only functional
impairment observed in neutrophils during viral-bacterial co-infections in these studies. In
another study of influenza-S. pneumoniae co-infection, it was observed that there was an
increased release of the anti-inflammatory cytokine IL-10 into the airways of animals and
neutralization of IL-10 reduced bacterial burden and lethality [170]. Because the anti-
inflammatory properties of IL-10 can influence the function of various immune cells, it was
proposed that IL-10 augments the function of phagocytes and create an immunosuppressive state

in the airways that is permissive to secondary bacterial infection [170]. However, macrophages
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and neutrophil recruitment to the airways was not impaired during coinfection with influenza and
S. aureus, and the cells isolated from mice did not demonstrate a defect in phagocytosis [160].
Taken together, these studies suggest that respiratory viral infection may delay or impair the
innate immune response to bacterial infection, creating a permissive environment that can be
colonized, but the molecular details underlying these observations are still poorly understood and
further work will be required to understand the intricacies of these interactions that contribute to
differences observed between studies and models.

Bacterial infections are also capable of modulating secondary viral infection in the
respiratory tract. The attachment of hRV is enhanced on cells pretreated with H. influenzae due
to increased expression of ICAM-1, the cellular receptor for hRV [171, 172]. In addition,
preceding bacterial infections may augment the immune response to secondary viral infections.
For example, antigen presentation is an important process that is needed for an effective adaptive
immune response to respiratory viral infection and it has been shown that P. aeruginosa can
disrupt antigen presentation in AECs by altering the trafficking of TAP1 and promoting TAP1
degradation, resulting in reduced cell surface expression and antigen availability to major
histocompatibility complex (MHC) class | at the plasma membrane [173]. In addition, AECs
infected with P. aeruginosa and hRV were observed to have decreased production of type I and
I11 IFNs compared to cells infected with hRV alone [121]. Secondary viral infection has also
been shown to induce dispersion of bacteria from established biofilms [174, 175]. This has
important implications for our understanding of bacterial transmission in the respiratory tract and
how bacterial biofilms are established in vivo, but the mechanisms underlying the relationship
between bacteria and secondary viral infections remain poorly understood and require further

attention. It is likely that the respiratory epithelium will be critical to these interactions as well.
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1.4  NUTRITIONAL IMMUNITY

During the course of infection, the host-pathogen interface is a dynamic environment where the
multiple interactions ultimately determine whether the host clears or is colonized by the invading
microorganism. One such interaction is the competition for nutrients. Bacterial pathogens must
have mechanisms to facilitate their acquisition of nutrients, such as iron, from the environment to
successfully colonize a host, establish a replicative niche, and survive during the course of
infection. Conversely, host cells strongly oppose these bacterial processes by restricting nutrient
accessibility for many different nutrients. Over four decades ago, nutritional immunity was
originally coined to describe the restriction of iron by the host [176, 177] . At that time, it was
known from animal models of bacterial infection that exogenous iron supplementation increased
bacterial growth and virulence. For example, in a mouse model of Yersinia pestis, mice treated
with 40 ug of ferrous iron were more susceptible to infection and had decreased survival [178].
Similar results were subsequently found in models of Listeria monocytogenes, E. coli and P.
aeruginosa infections [179-181]. Since then, however, extensive studies have begun to identify
the host mechanisms for limiting iron availability as well as address how microorganisms
circumvent these mechanisms of nutrient limitation to colonize their hosts and cause disease in a
number of disease settings [182]. In the field of viral-bacterial co-infections, an emerging body
of literature demonstrates that an additional mechanism by which virus predispose to secondary

bacterial infection is by viral subversion of nutritional immunity in the respiratory tract.
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1.4.1 Host Mechanisms for Withholding Iron

Iron is essential for numerous physiological processes, including DNA replication, gene
expression, and energy generation. The utility of iron in many diverse biological processes is due
to its role as a redox catalyst, where it can cycle between ferrous (Fe?*) or ferric (Fe3*) oxidation
states. However, the redox potential of iron also makes it conducive to catalyzing the Fenton
reaction in the presence of reactive oxygen intermediates and generating hydroxyl radicals that
damage cells. Thus, it is critical that the host not only regulate the quantity and location of iron to
restrict pathogen accessibility of iron but also limit cellular damage. There are many distinct
mechanisms by which hosts limit free iron and maintain iron homeostasis.

Dietary iron uptake is regulated in response to infection or high total body iron levels to
systemically lower iron levels. Dietary iron is absorbed through enterocytes in the duodenum by
the iron importer, divalent metal ion transporter (DMT1), after Fe** has been converted to Fe?*
by ferric reductases present at the apical membrane of enterocytes [182]. DMT1 is also localized
to the membrane of phagocytes and pumps iron out of the phagosomal compartment to restrict
access of iron to intracellular pathogens [182]. Once in enterocytes, the iron can either enter the
labile iron pool, where it is either stored in the iron storage protein ferritin or used for cellular
processes, or the iron is exported from the cells as Fe?* into plasma by the iron exporter,
ferroportin-1 (FPN-1), localized at the basolateral membrane of enterocytes. Ferrioxidases
convert all Fe?* released by enterocytes to Fe3*, which is then bound by transferrin and
transported throughout the body. Hepcidin is a peptide produced in the liver that binds FPN-1
and promotes its degradation in the lysosome [183]. This results in a loss of basolateral FPN-1 in
enterocytes, a decrease in overall iron flux into plasma, and a reduction in dietary iron-absorption

[184]. Because hepcidin is expressed in response to high iron levels in the body or infection, this
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mechanism of iron limitation results in a hypoferremic response that lowers iron levels
throughout the host. In addition, hepcidin reduces the levels of cell surface ferroportin and
promotes iron retention in macrophages [185]. Hepcidin is also produced by neutrophils and
macrophages in response to infection, suggesting that hepcidin-mediated control of ferroportin
levels on phagocytes is also regulated in the local environment of an infection [186].

The majority of human iron is bound to hemoproteins either inside host cells or
extracellularly. For example, most of the iron in circulation is complexed with heme and heme is
complexed within hemoglobin inside erythrocytes. Although some pathogens have evolved
mechanisms to lyse erythrocytes, the host proteins haptoglobin and hemopexin bind free
hemoglobin and heme, respectively [187]. In addition to its sequestration in erythrocytes, iron is
stored in ferritin in other cell types, such as AECs. The availability of extracellular iron is
extremely limited by iron-binding proteins in the extracellular environment, such as members of
the transferrin family of iron-binding proteins. Typically, transferrin iron saturation is less than
50%, and as transferrin saturation increases, the ability of transferrin to sequester iron and inhibit
bacterial growth decreases. Interestingly, in CF patients, transferrin iron saturation is less than
20% in the majority of patients [23, 188], but the clinical significance of this observation is

unknown.

1.4.2 Transferrin

The transferrin family of iron-binding proteins consist of serum transferrin, lactoferrin and
ovotransferrin. Due to their ability to sequester iron at the sites of infection, transferrin family
members have been appreciated to have antimicrobial activity for nearly 7 decades [189]. Serum
transferrin is a serum glycoprotein that plays a central role in iron metabolism by regulating the
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transport and delivery of iron to tissues throughout the body. Lactoferrin was originally isolated
from human milk but has since been found in a wide-range of mucosal secretions [190]. In
addition to its iron-binding capabilities, lactoferrin has additional antimicrobial properties that
are derived from the cationic properties of its N-terminus. In particular, lactoferricin and
lactoferrampin are peptide fragments released from the N-terminus of lactoferrin by proteolytic
cleavage that exhibit broad antimicrobial activity [191, 192]. Finally, ovotransferrin is the major
component of egg white and was the first transferrin family protein discovered in 1944 after it
was recognized a protein component of raw egg white was capable of binding iron and inhibiting
bacterial growth [193].

Transferrin is an approximately 76 kDa serum glycoprotein with a high affinity for iron
(Kg ~1022 M) [194]. Each molecule of transferrin is organized into two lobes (termed C- and N-
lobes), each with an Fe3*-binding sites. Because each molecule of transferrin binds two atoms of
Fe3*, up to four different species of transferrin may be present at any one time [195]. Transferrin
Is present in mucosal secretions and due to its high affinity for iron, transferrin is very effective
at binding extracellular iron. This property serves many purposes in the host including: (i)
sequestration of iron from pathogens, (ii) keeping Fe* in an inert redox state to limit free radical
production, (iii) maintaining Fe** in a soluble form in the body (Fe** is normally not soluble
under physiologic conditions), and (iv) facilitating iron transport throughout body. Iron is
delivered to target cells through a series of steps that are initiated when iron-loaded transferrin
binds to the transferrin receptor (TfnR) on the plasma membrane of target cells with nanomolar
affinity (Figure 1) [196]. In polarized epithelial cells, such as AECs, this initial binding event
takes place at the basolateral membrane. The transferrin-TfnR complex is endocytosed in

clathrin-coated pits and the pH of the endosome decreases as the endosome matures through the

32



action of ATP-dependent H* pumps. As the pH decreases, the affinity of transferrin for Fe*
decreases and ultimately Fe®* is released at the significantly lower pH. Through the action of
ferric reductases (Steap proteins), Fe3* is converted to Fe** and transported into the cell by
DMT1 to be stored in ferritin or used for cellular processes. In the acidic environment of the
endosome, iron-free transferrin (apo-transferrin) remains bound to TfR with high affinity. The
complex is recycled back to the basolateral membrane and apo-transferrin is released back into
the serum, likely through a combination of the low (micromolar) affinity of apo-transferrin for
the TfnR at physiological pH and the competition from iron-loaded transferrin in the serum.

Due to the presence of transferrin in mucosal secretions and its importance in iron
trafficking in the host, transferrin represents a potentially significant source of iron for invading
microorganisms. Consequently, pathogens have evolved mechanisms by which they use
transferrin as an iron source for growth [197-200]. For the majority of pathogens, the principal
mechanism by which they acquire iron from transferrin is via the production of siderophores,
which will be discussed further in the next section in regards to P. aeruginosa iron acquisition.
Additionally, some pathogens have evolved transferrin uptake systems that are based on
receptors that directly bind transferrin, including Neisseria meningitidis [201], Recently, it was
demonstrated that transferrin has undergone rapid evolution in the C-lobe, in sites that overlap
with the binding site of bacterial transferrin receptors [202]. This indicates that transferrin is
involved in the evolutionary arms race between host iron sequestration and microbial iron
acquisition, which has implications for bacterial (and likely other pathogens) colonization,
virulence, and competition within communities. Furthermore, it has been demonstrated that
pathogens have the ability to alter host cell physiology, without causing cellular lysis, to increase

transferrin abundance at the site of infection. For example, in the context of Helicobacter pylori
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infection of gastrointestinal epithelial cells, the bacteria promoted mislocalization of transferrin
receptor from the basolateral to apical membrane of cells [203]. As a result, H. pylori increased
transcytosis and apical secretion of transferrin, which can be utilized by the bacterium for growth
[199, 203]. However, it is currently unknown how virus infections, including respiratory viral

infections, alter transferrin localization at the site of an infection.
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Figure 1: Iron Trafficking in Airway Epithelial Cells

Transferrin binds to ferric iron (Fe®*) and delivers iron to cells throughout the body, including epithelial cells. Iron-
bound transferrin (holo-transferrin) binds to transferrin receptor (TfnR) on the basolateral cell surface and is taken
up by epithelial cells by clathrin-mediated endocytosis. The resulting acidification of the endosome facilitates
decreased binding affinity of transferrin for Fe3*. Iron-free transferrin (apo-transferrin) remains bound to its receptor
at this low pH. Released Fe®" is reduced to ferrous iron (Fe?*) and transported into the cytosol by DMT1. Apo-
transferrin is recycled back to the basolateral membrane. The low binding affinity of TfnR for apo-transferrin at
physiological pH releases apo-transferrin into the extracellular environment, where it may bind more Fe®*. Iron is
then utilized based on the metabolic needs of the cell. Iron can enter the mitochondria where it is incorporated into
iron-sulfur clusters for use in DNA replication, protein synthesis, redox enzymes involved in metabolism, etc.
Excess iron not immediately required for use is stored in the intracellular iron-binding protein ferritin. Fe?* uptake

and release at the plasma membrane is facilitated by the iron transporters DMT1 and ferroportin, respectively.
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1.4.3 Pseudomonas aeruginosa Iron Acquisition

The ability to acquire iron from the environment is essential for P. aeruginosa biofilm growth.
When P. aeruginosa is grown under iron-limited environments or iron is limited with iron-
chelation molecules, biofilm growth is significantly impaired [27, 37, 43, 204]. Although the
host innate immune system restricts iron availability to invading microorganisms, P. aeruginosa
can overcome host-mediated iron limitation and acquire iron, from either heme or nonheme
sources, through several diverse mechanisms (Figure 2). These strategies can generally be
categorized as siderophore, heme, and free Fe?* iron acquisition systems [187].

In the natural environment heme is an uncommon iron source and under aerobic
conditions, such as the airways, iron is oxidized to insoluble Fe*'. In healthy humans, Fe3* is
bound to host proteins and has limited bioavailability. Consequently, P. aeruginosa other
bacteria, and fungi, produce high-affinity Fe3* binding proteins called siderophores that facilitate
Fe3* acquisition and are important for colonization [205]. P. aeruginosa produces two
siderophores, pyoverdine and pyochelin in response to low-iron. When bound to iron,
ferripyoverdine and ferripyochelin are first imported into the periplasm of P. aeruginosa by the
TonB-dependent receptors FpvA and FptA, respectively (Figure 2). ATP-binding cassette
(ABC) transporters then mediate the transfer the iron across the inner membrane (Figure 2).
Pyoverdine has an extremely high affinity for iron, higher even than host-iron binding proteins,
such that it is capable of displacing iron from transferrin [206]. The importance of pyoverdine to
P. aeruginosa biofilm formation has previously been established; in bacteria unable to produce
pyoverdine, P. aeruginosa biofilm growth was significantly decreased compared to pyoverdine-
producing bacteria [204]. Pyochelin has a lower affinity for iron than both pyoverdine and

transferrin, and its appears to be less essential for P. aeruginosa biofilm growth than pyoverdine
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[204]. P. aeruginosa also has the ability to utilize siderophores from other bacterial species,
known as xenosiderophores, [205]. The use of these xenosiderophore-based iron uptake
strategies may be beneficial in the context of multispecies communities where P. aeruginosa
could steal ferrisiderophores from other bacterial species, but may be detrimental for chelation
therapies that are based on siderophores produced by bacteria, such as deferoxamine (DSX).

Although siderophores are critical to iron acquisition, siderophores also play important
roles as signaling molecules [207]. For example, binding of FpvA by ferripyoverdine
simultaneously initiates ferripyoverdine uptake and a signaling cascade through the anti-sigma
factor FpvR, which controls the sigma factor PvdS. Besides the requirement of PvdS for
expression of pyoverdine biosynthesis genes, PvdS also controls the expression of two secreted
proteases, endoprotease (PrpL) and alkaline protease (AP) [205, 207]. Both PrpL and AP have
been shown to degrade transferrin in vitro (Figure 2) [208, 209]. Importantly, transferrin and
lactoferrin degradation products have been detected in the sputum of CF patients infected with P.
aeruginosa, indicating that degradation of these host iron-binding proteins may have a role in
iron acquisition in vivo [210]. It cannot be ruled out that other secreted P. aeruginosa proteases
or host-derived proteases contributed to the increase in transferrin and lactoferrin degradation
products in these patients; LasB is another protease secreted by P. aeruginosa that has been
shown to cleave transferrin in vitro (Figure 2) [211].

The majority of iron in the human body is bound to hemoproteins, such as hemoglobin or
hemopexin, where the iron is incorporated into heme. Although the concentration of free heme is
low, P. aeruginosa has the capacity to acquire heme via two systems, the Has and Phu systems
(Figure 2) [205]. In the Has system, a secreted heme-binding protein (HasA) captures heme

from host-hemoproteins. The heme-HasA protein complex is recognized by the TonB-dependent
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receptor HasR and the heme is transported into the bacterial periplasm. Conversely, heme is
directly transported into the periplasm by the TonB-dependent receptor PhuR in the Phu system.
ABC transporters mediate the transfer of heme from the periplasm to the cytoplasm of P.
aeruginosa. The Has and Phu systems likely play a minimal role in iron acquisition during initial
colonization of the CF lung when lung function is still relatively high and lung damage has not
significantly accumulated. However, later in infection when lung damage has significantly
accumulated in CF patients, these systems could play an important role in iron acquisition, as the
sources of iron are likely changing. In support of this hypothesis, longitudinal analyses of
different CF P. aeruginosa clinical isolates recently demonstrated that pyoverdine production
decreases in clinical isolates over time, and heme utilization as the sole iron source is more
efficient by later clinical isolates compared to earlier isolates [212, 213].

Although Fe?* iron abundance is relatively low in aerobic environments, Fe?* is soluble
and more likely to be present in anaerobic conditions. Recently, it was demonstrated that Fe?* is
abundant in the sputum of CF patients, and negatively correlates with disease severity in patients
[28], suggesting Fe?* may be a relevant iron source for bacteria in the CF lung. Soluble Fe?* is
acquired by P. aeruginosa by the cytoplasmic membrane Fe?* transporter FeoB (Figure 2) [205].
In addition, P. aeruginosa produces redox-cycling compounds called phenazines that can convert
Fe3* to Fe?* (Figure 2) [205]. It has been shown that phenazines are present in CF patient
sputum, and similarly to Fe?* levels, are negatively correlated with lung function, suggesting the
importance of phenazines in vivo [214]. Phenazines have been shown to promote biofilm growth
by a siderophore-deficient (ApvdAApchE) strain of P. aeruginosa in the presence of Fe3*, as well
as in the presence of an iron-binding proteins [215]. This last observation is of particular

relevance as it suggests that phenazines may provide one mechanism by which P. aeruginosa
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circumvents iron chelation, which has implications for the design and use of chelation-based

therapeutics in CF patients to treat P. aeruginosa infections.
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Figure 2: Iron Acquisition Systems in Pseudomonas aeruginosa

P. aeruginosa produces two siderophores, pyoverdine and pyochelin, that bind to ferric iron (Fe®*). Ferripyoverdine
and ferripyochelin are imported into the periplasm of the bacterium by the TonB-dependent receptors FpvA and
FptA, respectively. Pyoverdine has a higher affinity for iron than the host-iron binding protein transferrin (Tfn), and
thus, can directly outcompete Tfn for Fe®*. Pyochelin has a lower affinity for Fe3* than Tfn, and does not have this
ability. P. aeruginosa produces multiple proteases that can cleave Tfn including: AprA, Elastase, PrpL. Cleavage of
Tfn releases free Fe®* into the environment to be taken up by either siderophore system. Phenazines produced by P.
aeruginosa can reduce Fe3* to ferrous iron (Fe?*), which can be taken up by the P. aeruginosa cytoplasmic
membrane Fe?* transporter FeoB. P. aeruginosa can acquire heme-bound iron via two systems, the Has and Phu
systems. The Has system produces a secreted heme-binding protein (HasA) that captures heme, and is imported into
the periplasm by the TonB-dependent receptor HasR. The Phu system directly transports heme into the periplasm by
the TonB-dependent receptor PhuR. ABC transporters are responsible for transporting iron from the periplasm to the

cytoplasm of P. aeruginosa.
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1.5 EXTRACELLULAR VESICLES IN VIRAL AND BACTERIAL INFECTIONS

Cell-to-cell communication is a critical component of cellular physiology that regulates
appropriate and quick responses to cellular damage and infection, among other functions.
Extracellular vesicles (EVs) are a form of intercellular communication that have been
increasingly studied in the context of infectious diseases. EVs are released from most cells and
are composed of cytosolic proteins and RNA surrounded by a lipid bilayer containing
transmembrane proteins from the cells that release them. The protective nature of the lipid
bilayer allows the transfer of functional proteins and RNAs between cells that can change the
physiology of recipient cells. For example, EVs have been shown to transfer ISGs between
hepatocytes that protected recipient cells against hepatitis B virus infection [216]. In addition,
mRNA and microRNA is packaged into EVs, and although the mRNAs can be translated into
proteins, the majority of studies have focused on the identification of microRNAs and their
functions in recipient cells [217-219]. Bioactive lipids are also transferred in EVs to recipient
cells and mediate signaling that alters target cells [220]. For example, prostaglandin E2
containing EVs were shown to promote natural killer (NK) T cell anergy [221]. Thus, EVs are
ubiquitously produced messengers, potentially containing numerous bioactive molecules that
may contribute to host defense or promote pathogenesis during the course of an infection.

EVs released during an infection can either be host-derived or pathogen-derived. For
example, Gram-negative bacteria produced outer membrane vesicles (OMVSs) that impact both
bacteria-bacteria and bacteria-host interactions [222]. Recently, Gram-positive bacteria
membrane vesicles have also been described [223]. In addition, parasites release EVs that
mediate parasite-parasite and parasite-host interactions [224, 225]. During viral infections, EVs

are generated by host cells and are thought to have an important role in virus infection, but owing
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to the biophysical similarities between viruses and EVs, the line between host-derived EV and
virions is often blurry [217, 226].

EVs derived from cells during infection are divided into three categrories: exosomes, and
microvesicles or ectosomes, and apoptotic-bodies. Originally, EVs were first described during
studies following the trafficking of TfnR in the context of maturing reticulocytes. The
distinguishing trait of these EVs were that they originated within endosomal compartments
referred to as multivesicular endosomes or multivesicular bodies (MVBs) and were subsequently
released into the extracellular environment following fusion of the MVB with the plasma
membrane [227, 228]. Because reticulocytes lose TfnR as they mature and TfnR was present on
these vesicles, it was believed that this was an alternative mechanism by which cells could
downregulate receptors and dispose of components no longer needed. The term exosome was
coined a few years following this observation to refer to this population of EVs, which generally
have a size that is equivalent to that of the vesicles that accumulate in MVBs (less than 150 nm)
[229]. In the mid-1990’s, however, it was found that these vesicles might have functions
important for intercellular communication. In one study, it was demonstrated that exosomes
isolated from B-cells contained major histocompatibility complex (MHC) class 1l molecules and
were able to induce T cell proliferation and IL-2 secretion from hybridomas [230]. Additionally,
it was demonstrated that exosomes isolated from DCs pulsed with tumor peptide could be added
to mice and reduce the growth of established tumors in vivo [231]. Membrane-derived vesicles
were also described and suggested to also have a function in intercellular communication around
the same time [232-235]. Microvesicles or ectosomes are vesicles that bud off the plasma
membrane with sizes that range from 100 nM to 1 uM [236, 237]. Both microvesices and

exosomes have similar buoyant density and contain cytoplasmic and membrane-bound molecules
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(i.e. proteins and RNAs), but there are generally additional protein markers associated with
exosomes [238, 239]. Apoptotic bodies are larger vesicles up to 4 uM in size, and unlike other
extracellular vesicles, they contain nuclear fractions (i.e. DNA) and are annexin V-positive [238,
239]. Because of the overlapping sizes and biophysical characteristics, EVs are defined by their
cellular origin. Since traditional EV purification methods co-isolate different subtypes of EVs,
the general term EVs should be used when the intracellular origin of the vesicles has not been
determined, and functional activity should be attributed to the general vesicle population and not

to a single subtype of vesicle.

1.5.1 EV Biogenesis

Multiple mechanisms have been proposed as essential for EV biogenesis and release. Although
both exosomes and plasma membrane-derived EVs have been described for approximately the
same amount of time in the literature, much more is known about the formation of exosomes and
the topic has been extensively reviewed recently [240, 241]. In all cases, it’s likely that a number
of key events must take place for EV formation to occur. Notably, mechanisms that regulate lipid
curvature are essential for budding and release of EVs from membranes. In addition, the proteins
and other cellular components that are loaded into EVs appear to be regulated, at least at a
certain level. In the case of an infection, signals that regulate EV formation, either by increasing
or reducing EV biogenesis and release, are also important to consider. In the case of exosomes,
many of these pathways have been described, while release of membrane-derived EVs is less
well understood.

Endocytic compartments are highly dynamic and regulate the internalization and
subsequent degradation and/or recycling of transmembrane proteins, such as receptor-ligand
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complexes, within cells. As endosomes mature to late endosomes, they accumulate intraluminal
vesicles (ILVs) that are formed as a result of the inward budding of the endosome membrane and
form MVBs [242]. Fusion of the MVB with the plasma membrane releases these ILVs as
exosomes. Alternatively, MVBs may fuse with the lysosome, leading to the degradation of the
ILVs and their components. Both endosomal sorting complex required for transport (ESCRT)-
dependent and ESCRT-independent mechanisms of ILV formation and thus, exosome biogenesis
have been described [243-245]. ESCRT proteins also play an important role in plasma
membrane-derived EV release [236], and ESCRT-independent pathways are also beginning to be
described for membrane-derived EV release [240, 241]. In addition, Rab proteins are regulators
of vesicular transport between endocytic compartments and the plasma membrane within cells.
Thus, Rab proteins play an essential role in the decision in whether MVBs are directed to the
plasma membrane or lysosome, and thus, exosome release. Rab proteins implicated in
controlling exosome release include Rabl1la, Rab27a, Rab27b and Rab35 [246-248].

Although many mechanisms have been implicated in EV biogenesis and release, a
complete understanding of EV formation still has been elusive and it appears that the
mechanisms thus far described for EV biogenesis may be cell type specific. For example,
exosome release was reduced from MCF7 breast cancer cells following ALIX (an ESCRT-
associated protein) depletion but not in HeLa cells [243, 249]. Moreover, knockdown of some
ESCRT components but not others decreases exosome release from cells [243]. The same
observation has been made when Rab proteins have been examined in EV biogenesis [247].
Another paradox of the field is that complete inhibition of EV release from cells is never
observed in studies when only single (ESCRT -dependent or -independent) pathways are

inhibited [216, 250]. This suggests that the mechanisms of EV formation are not independent and
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there is likely overlap in the previously described mechanisms of EV release, and that
compensatory mechanisms likely exist. Because cellular physiology is altered during the course
of infections, generally as a result of the pathogen actively manipulating host processes, further
studies are needed to examine EVs are formed before we can fully understand the importance of
EVs in the context of an infection and whether EVs are more beneficial to the host or the

pathogen.

1.5.2 The Role of EVs in Virus Infections

EVs share many functional and structural features with viruses that make them extremely
difficult to separate from viruses, including: (i) the size of the majority of EVs is about the size
of many RNA viruses (<300 nm), (ii) EVs have a similar buoyant density to some RNA viruses,
(iii) at least in the case of enveloped viruses, both EVs and viruses contain protein and RNA
enclosed by a lipid bilayer, (iv) EVs and viruses form at the plasma membrane or at endocytic
compartments, (v) EVs can bind to receptors on recipient cells and enter via endocytosis, (vi)
EVs can also fuse with recipient cells, and (vii) EVs can deliver genetic material and other
functional molecules that can change the physiology of recipient cells [217, 226]. It is likely that
a population of diverse vesicles are released by cells during a virus infection, and that in the
absence of techniques that sufficiently separate these vesicles, phenotypes assigned to EVs
should be attributed to the overall population and not a specific subset of vesicles [226]. Because
of the similarities outlined above, current techniques make it difficult to separate EVs consisting
entirely of host cell components, on one extreme, from EVs that carry viral proteins or genomic
elements but do not consist of all the virus-specific molecules required for infectivity on the
other extreme [226]. This is different for nonenveloped viruses because they can be separated
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from EV-enclosed virions and EVs with neutralizing antibodies, but it is likely that a
heterogeneous population of EVs is still released by cells infected with noneveloped viruses. The
release of EVs by virus-infected cells has been reported to play various roles in the pathogenesis
of viral infections that can be categorized as either pro- or antiviral. It is currently unknown if the
functions described for EVs produced during virus infection can be attributed to any single
subpopulation of EV within the total EV population. Rather, it is likely that the functional

characteristics reported thus far in the literature are the net effects of the total EV population.

1.5.2.1 EV Facilitation of Viral Infection

Numerous mechanisms have been described whereby EVs contribute to viral infection, but the
potential pro-viral effects of EVs can be broadly broken into two categories: (i) host evasion or
(i) expansion of viral tropism.

EVs isolated from cells infected with hepatitis C vir