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Abstract

Human rhinoviruses are the leading causes of the common cold, known triggers of
asthmatic exacerbations, and are also associated with the development of asthma.
Despite many epidemiology studies establishing clear associations between rhinovirus
infection and asthma development, the mechanism underlying this relationship has not
been elucidated. Evidence suggests that early changes in bronchial epithelial cells play a
crucial role in the development of the remodeled asthmatic airway. Physiologically, as
normal epithelial layers develop, the cells collectively transition to a quiescent state,
characterized by polygonal shaped cells that are caged by their neighbors and therefore
immobile; a jammed state. While epithelial cells have the potential to collectively
migrate, they have previously been shown to do so only as a feature of tissue level
remodeling events that underlie wound repair, cancer metastases or embryogenesis.
However, in response to broncho-constriction mimicking compressive stress, the
mature epithelial layer unjams in a process which includes collective migration and
changes in both the epithelial monolayer geometry and the distribution of cell shapes
within that layer. The human bronchial epithelial cell (HBEC) layer from asthmatic
donors studied in air liquid interface culture displays both a delayed transition to the
jammed state during layer maturation as well as, following this, a prolonged unjammed
state following compressive stress. Nevertheless, while delayed onset of the jamming
transition has been shown to be a clear feature of cells from asthmatic donors, no known
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asthmatic triggers have been previously associated with airway epithelial unjamming.
Here, I demonstrate that for cells that are in the mature, jammed state, when infected
with human rhinovirus A (RVA), revert back to a fluid-like, migratory unjammed state
that has been associated with cells from asthmatic donors. I further show that RVA
infection-mediated unjamming can be attenuated by blocking RVA entry with an
ICAM-1 receptor inhibitor. I further show that blocking TGFb signaling attenuates the
migratory velocities in the induced unjammed phenotype promoted by viral infection.
Our findings introduce, for the first time, viral infection as a potential mechanism by
which the phenotype of normal (jammed) epithelial cells transitions to asthmatic-like
(unjammed) epithelial cells as a result of rhinovirus A infection.
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Human Rhinovirus A (RVA) is the leading cause of the common cold, is a known trigger
of asthmatic exacerbations, and has been implicated in the pathogenesis of asthma, yet
mechanism remains unclear.[11,29,30,31] Data suggest that epithelial cell jamming may
be a universal feature of a maturing epithelium.[21,28] Epithelial unjamming has been
previously shown to be a feature of asthmatic epithelium which can also be induced by
applying bronchoconstriction-like compressive stress to the layer.[21] Here, we present
data that human rhinovirus infection can likewise independently promote this transition
of the airway epithelial layer from a quiescent solid-like material state – the jammed
state - to a migratory fluid-like material state – the unjammed state – that has been
associated with cells obtained from asthmatic donors.
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CHAPTER 1:
INTRODUCTION

1

1.1. INCREASING PREVALENCE OF ASTHMA
Worldwide, 300 million people suffer with chronic asthma6, tens of thousands of whom
die from asthmatic exacerbations annually.[1] Unlike well-known public health foci like
malaria or Zika virus that largely affect the global south and remain undertreated due to
limited resources, 7 asthma rates tend to be highest in developed countries such as the
United Kingdom and the United States. [2,3] And while the UK, US and other high-risk
countries have ample resources to research asthma, medical science has surprisingly
little to offer in the way of treatment.(Figure 1.1) In fact, according to recent studies,
about one half of all adults with asthma continue to have persistent weekly symptoms,
despite the use of conventionally available therapeutics.[4]
1.1.2 PAUCITY OF ASTHMA THERAPEUTICS
Currently available treatments for asthma, many of which have not changed in 30
or more years, fail to address the complexity of the disease. In an issue of Pulmonary
Pharmaceuticals and Therapeutics, Hollis suggests that the paucity of efficacious
asthma therapeutics can be attributed to the research community’s failure to explore
asthma pathobiology outside of the allergic/TH2 paradigm of asthma as an
inflammatory disorder despite recent reports that suggest that asthmatic airway
remodeling can be induced in the absence of inflammatory mediators. [5,6,7] Currently
available treatments typically include a bronchodilator (e.g.. ß agonists), anti-

Worldwide, the prevalence of asthma is rapidly increasing. Current estimates claim 300 million
sufferers, but this number is expected to exceed 400 million by the year 2025. For developed countries
such as the U.S. and the U.K., roughly 11% and 18% respectively, of the population is estimated to suffer
with asthma.[2,3]
6

The global south is comprised mainly of developing countries on the continent of Africa, Asia, and South
America. The developed world, including U.S.A, most of Europe, China and South Africa to name a few,
report the highest rates of fatal asthma.[2,3]
7
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Figure 1.1: Developed countries consistently have high rates of
asthma mortality

Fatalities from asthma attacks are highest in the developed world.
Increasing asthma prevalence and mortality presents a considerable public health
challenge. Yellow stars represent reports of acute epidemics of asthma attacks in
undiagnosed asthmatics from 1983-2010 including: 1983-UK, 1992-Australia,
1997-UK, 2000-Canada, 1993,2004-USA, 2000,2001-Australia, 2001-Australia,
2002-UK, 2004- Italy, 2010-Italy and 2010-Australia as reported by D’Amato, G.
et. .al. in the 2016 Journal of Clinical and Experimental Allergy. (adapted from
Masoli et al. 2004) [3,50]
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inflammatory agent (e.g.. anti-histamines, corticosteroids, anti-leukotrienes), or
some combination of the two. These drugs either work to relax the smooth muscles
around the airways that constrict when facing attacks from an environmental insult or
mute the response of an overly active immune response.[7,8,9] When successful, such
treatments can address some of the physiological manifestation of an asthma attack,
temporarily relieving symptoms but, nonetheless, leaving the more chronic airway
remodeling to proceed.[9] Unfortunately, for many asthmatic airways, the barbarians
are constantly at the gate in the form of viruses, house dust mites and other pathogens,
and these treatments provide little in the way of preventing future hyper-responsiveness
to foreign agents. Together, these therapies only mitigate asthma attacks roughly half of
the time in most asthmatics.[7,9] More importantly, none of these treatments is able to
prevent the progression to chronic asthma over time. The complexity of asthma has
limited the quest to develop a long-term therapeutic for the disease.
1.1.3 COMPLEXITY OF ASTHMA DIAGNOSIS AND TREATMENT
Almost a century of research, data, and drugs to market have focused on
regarding asthma as a complex disorder resulting in chronic inflammation [9], yet while
it has been assumed that inflammation leads to irreversible remodeling in the asthmatic
lung, the methods by which these changes occur still remain unclear. Asthma is
generally thought to develop as a result of some combination between your genetic code
and your zip code. That is to say, of the 100 plus genes and mutations identified to be
linked to asthma [10], many lead to the condition only in response to some
environmental cue or insult, which is thought to trigger an ill-programmed innate
immune response, leading to chronic inflammation of the airways.

4

Figure 1.2: Interaction map of asthma discoveries

Figure 1.2: Genes associated with the development of asthma.
Each node represents a discovery of a gene or gene product associated with the development of
asthma. Scientific subspecialty where discovery was made is indicated by the color of the node.
Each solid line represents a finding of complementarity between two or more factors influencing
asthma, while the dashed lines indicate plausible but not yet proven interactions that lend to the
development or maintenance of asthma. (adapted from Bunyavanich, S, and Schadt, E. 2015)

Scientists have identified multiple genetic factors that can contribute to asthma
development. Additionally, researchers have found that multiple factors contribute to
asthma development including viral infection, race, allergy, food, body mass index, and
even birth order.[12] We have begun to realize that, rather than simply being a
collection of aberrant immune responses developed early in life, asthma development
and progression are more likely the results of multiple recursive feedback loops in this
web of interconnectivity with all these various contributing factors[10] (Figure 1.2).
Nevertheless, identifying the genetic harbingers of asthma has not provided scientists
with a concise way of broadly diagnosing asthma or helped to identify viable targets for
preventing the progression of the disease. The stalled progress of our understanding
from the “asthma as chronic inflammation” paradigm suggests the need to explore
5

alternative mechanisms. While scientists have developed treatments that target the
chronic inflammation that results from the interaction of genetics and environment,
asthma remains a disease that cannot easily be predicted, prevented or reversed.
1.2 ASTHMA AS A DISEASE OF THE EPITHELIUM
The tide in asthma research began to shift some two decades ago when Professor
Stephen Holgate of the University of Southampton began to take a new approach by
evaluating epithelial cells, the cells that line the lungs and provide the first line of
defense against asthma-inducing environmental insults.[13,14] Holgate suggested that,
rather than merely an inflammatory disease, asthmatic origin, progression and
exacerbations or attacks may be dictated by flaws in the way these epithelial cells send
and receive signals to one another in order to communicate and coordinate responses to
environmental attacks.[12,13,14] A series of misdirected signals between epithelial cells,
the thinking goes, sets off a chain reaction that causes other types of respiratory airway
cells to overmultiply or malfunction, leading to a drastic remodeling of the airway. This
altered airway, characterized by airways that are reversibly narrowed and hyper-reactive
to foreign stimuli, is what we generally recognize as the profile of an asthmatic
lung.8[14]
It is important to note that numerous genome wide association studies (GWAS)
have identified candidate genes, that either confer protection or suceptibility to asthma,
that are epithelial in origin. [15,16,17] In fact, in the landmark study evaluating the
efficay of farm dust extract exposure in protection against an animal model of allergic
8

The process of remodeling a normal airway into a diseased asthmatic airway involves rapid growth of the
airway smooth muscle cells that surround the air passage, combined with an increase in the number of
cells producing mucus (goblet cells) and overall swollen appearance that ultimately presents with
increased immune cells.[14]
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asthma in mice, researchers found that loss of the ubiquitin-modifying enzyme
A20 in lung epithelium was sufficient to abolish the protective effect of early exposure to
farm related environmental endotoxins.[18] Therefore, close examination of the lung
epithelium has emerged as the key to understanding the process of airway remodeling.
This layer of cells is the largest surface of the human body that is in continuous
contact with the outside world. A large portion of the 10,000 liters of air inhaled by the
average person each day contains harmful physical, chemical and biological agents. [13]
Faced with these invasive materials, the lung epithelial cells maintain constant
interaction with one another via junctional protein complexes9 to present a physical
barrier to insult. Likewise, the epithelium is compositionally equipped with goblet cells
that secrete mucus to trap pathogens and ciliated cells to sweep them away via the
mucocillary clearance functions. These biological defense mechanisms preserve tissue
integrity and prevent infection. Reports show that in asthma, these barriers are
dysfunctional.[19] Biologically, we might hypothesize that asthmatics would fare better
in the face of pathogens because the inflammed airways produce more mucus, due to the
goblet cell hyperplasia common to the disease. In turn, more mucus has the potential to
trap more pathogens to be swept away by the muco-ciliary clearance function of the
epithelial cells..[19,24] This fundamental fallacy focuses on the immune response of the
epithelial cell following activation and subsequent signal transduction cascade following
exposure to a pathogen but ignores the breakdown of junctional complexes between
epithelial cells resulting in paracellular passage of pathogens to reach submucosal

9

Apical junctional complexes (AJC) are comprised of both tight junctional proteins, claudins and
occludens, at the apex that function to coordinate apical-basal polarity as well as make the membrane
impermeable and adherens junctional proteins complexes, cadherins along with actin, that function to
transmit mechanical signals and reinforce tissues via mechanical support. [44]

7

immune cells. The resulting hyper-stimulation of the immune system due to both
pathogen activated submucosal immune cells and cytokines released from activated
epithelial cells point to a relationship between impaired or pathogen activated
epithelium and airway inflammation.[19] Therefore, airway infections and inflammation
are often worse in asthma and other major respiratory disorders because the function of
the epithelium is already impaired.
In addition to the impaired integrity of the epithelium being associated with
asthma, epithelial cells have also been observed to suffer physical stress during asthma
attacks.[20] The constriction of the smooth muscle cells around the airways that occurs
during these episodes creates a mechanical
compression that regularly squeezes these
epithelial cell during an asthma attack, and it
has recently been discovered that this squeezing
represents a different kind of biological cue,
completely

separate

from

signaling

from

immune responses studied by others, that may
be key to understanding asthma.[5,6,20,21]
1.2.2
Figure 1.3: Compression of
isolated lung cells
The air-liquid-interface culture system
is used so; lung cells are maintained in
their natural state with air at the apical
surface. The cells are exposed to the
mechanical pressures of an asthma
attack when they are squeezed when
pressurized air is applied apically(top)
to basally (bottom) adapted from
Ressler, B
et. al.
2000 and
Tschumperlin DJ, Nature 2004.

DYNAMIC AND GEOMETRICAL

CHANGES

IN

EPITHELIUM

WITH

COMPRESSIVE STRESS
In studies using lung cells from rats and
humans, researchers including Professors Jeff
Drazen, Jin-Ah Park and Dan Tschumperlin at
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Harvard University showed that compressing epithelial cells in a dish with
pressures (30cm H2O), similar to what the cells would experience during an asthma
attack, reproduces features of asthma such as goblet cell hyperplasia, and the changed
landscape of expressed genes, independent of any immune cell or other inflammatory
response. [20,21,22](Figures 3) Later, in a report to the New England Journal of
Medicine, University of Newcastle Professor Chris Grainge and others validated
Tschumperlin’s findings in human volunteers.[5] They recruited patients to whom they
administered an inhaled dust-mite allergen, which causes both bronchoconstriction and
inflammation, or methacholine challenge, in order to similarly compress lung cells due
to the effects of bronchospasm without inflammation.10 To distinguish between
epithelial airway changes due to inflammation as opposed to changes due to mechanical
forces, Grainge and colleagues administered tests respectively with dust-mite allergen or
methacholine challenge only to subjects previously diagnosed with asthma. This takes
advantage of the airway constriction associated with methacholine inhalation in the
absence of inflammation by asthmatics to squeeze their lung cells. These researchers
took biopsies of lung cells from these patients, both before and after administering the
respective challenge – in other words, before and after the epithelial cells were
squeezed. Compared to the pre-challenge cells, methacoline subjects’ cells after being
squeezed appeared physically transformed in ways consistent with the airway

Methacholine is a drug well known to constrict airways and is used as a lung function test during asthma
diagnosis. During the trial, patients breathed low doses of dust-mite allergen or methacholine before
performing spirometry tests for breathing. Spirometry assesses lung function based on a ratio of one’s
forced expiratory volume in 1 second (FEV1), that is how much one can forcefully blow out in 1 second,
and the functional residual capacity (FRC) of one’s lung, the amount of air left in one’s lung at the end of
passive breathing out. This number is assessed at baseline with hyper responsiveness, before and after
administration of a bronchodilator, or following methacholine challenge, a broncho constrictor.
American Thoracic Society defines lung dysfunction as having a significant change in FEV1 following
administration of some broncho-provocation or bronchodilator. [23]
10

9

Figure 1.4: Respiratory epithelium changes following methacholine
challenge in absence of inflammation
Before Challenge

After Challenge

Representative photomicrographs of respiratory epithelium taken from bronchial biopsy reflect
increased collagen (red arrow) and hyperplastic goblet cell differentiation (yellow arrow) following
repeated methacholine induced bronchoconstriction in the absence of inflammatory mediators.
Adapted from Grainge, C. NEJM 2011.
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remodeling commonly associated with asthma, even in the absence of
inflammation.[5] (Figure 1.4) In short, these sets of experiments demonstrate that the
physical stress of squeezing epithelial cells alone produces observable changes – gene
expression for Park and Tschumperlin, airway remodeling for Grainge – that are
common indicators of asthma, independent of an immune response. Tschumperlin
additionally observed a separate physical difference in cells that had been squeezed,
noting that epithelial cells responded to compression by changing shape, as compressed
cells expanded to fill the lateral intercellular space (LIS), and these changes in geometry
alone were sufficient to alter epithelial interaction and function, contributing to a model
of dysregulated epithelial cells as the origin of airwary remodeling that leads to
asthma.[22]
1.3 A MECHANOBIOLOGY BASED MODEL FOR ASTHMA
As Drazen and Tschumperlin began to measure the mechanical behavior and
interactions of epithelial cells in the lung, Fredberg and Park began to consider not only
biochemical signaling, but in addition, the biophysical signaling of the cells, including
cell shape, changing forces between the cells, and the way that the cells move within the
context of disease.[21,25] Before these studies, epithelial cells were thought to behave
like tiles on a floor, connected and stationary, with no real physical response to the
insults they faced daily. The Fredberg group’s insight about the collective behavior in
epithelial cells challenged the older notion of cells fitting together passively like tiles[25]
and predicted that cells in a continuous sheet, much like the lung epithelial cells, could
actually behave much like a glass. [26,27,35] Subsequently, theoretical physicists
including Max Bi and Lisa Manning modelled this behavior and found that cells could
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undergo a dramatic transition from a solid like structure, where each cell is caged
by its neighbors (a "jammed" state), to a more fluid-like (or "unjammed") state where
the cells move in packs and swirls and ultimately travel away from their original location
by adjusting adhesive forces between cells. [26,27,35]
1.4 JAMMING IN EPITHELIAL SYSTEMS
Although

the concept of jamming remains poorly understood, features including

kinetic arrest, dynamic heterogeneity and cooperativity, are all reported to be hallmarks
of a system as it approaches a jammed stated. [36] Therefore, a system is considered to
be jammed when a collection of particles that
are in a disordered state behave as a solid,
immobile and constrained by some energy
barriers.[36]

Soft

matter

physicists

had

appreciated jamming transitions in inert soft
condensed matter prior to these studies;
however, recent findings began to consider the
ability of epithelial cells to move from a solid
like state to the fluid like state, an unjamming
transition.[25,26,27, 35] In the Bi-Manning
model, a cell’s predicted jamming transition is
reflected by changes in the cell shape. They
calculate a critical value q (given by the ratio of
cell perimeter to √cell area) that the cell shape
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Figure 1.5: Cell Jamming predicted by
cell shape.
Top: predicted model of cell shape changes
in unjamming transition. Bottom: Human
lung cells of normal (right) or asthmatic
(left). Healthy lung cells have dominant
cortical tension with a perimeter: area ratio
of 3.813 and appear hexagonal. Asthmatic
lung cells are dominated by adhesive forces
and appear elongated and have perimeter:
area ratios greater than 3.813. (adapted
from Bi, D. et. . al. 2015 [27])

parameters must overcome to make this transition.[21,27] (Figure 1.5) Healthy
cells are, much as we would anticipate, like stationary tiles on the floor. These cells
are thought to maintain mechanical equilibrium through a balance of forces, where
contracting forces around the cell apical surface are balanced by the adhesive forces
between those cells.[21,27,38] The Fredberg and Park groups observed a response
in human bronchial epithelial (HBE) cells that was highly reminiscent of the theorized
jamming/unjamming transitions.[21] For healthy normal HBE cells, contractile forces
dominate and cells remain caged, solid like or “jammed” together.[21] (Figure 1.5)
However, a surprising observation emerged from asthmatic lung cells; with these cells,
adhesive forces between the cells are dominant, thrusting the cells into a highly mobile,
uncaged, fluid like, or “unjammed” state. Without applying any exogenous
perturbations, researchers including Jin-Ah Park at Harvard University and others
observed that asthmatic cells exhibited elongated shapes and were unexpectedly highly
mobile during the unjamming transition. [21] In recent findings Atia et. al. furthered
our understanding of the relationship between epithelial geometry and the jammed
state. He described a clear linear relationship between the average aspect ratio ( AR ) of
epithelial cells within a layer and the variability of the aspect ratios, standard deviation
of aspect ratios ( SD(AR)) , of maturing primary human bronchial epithelial (HBE) cells
grown in the in vitro model air-liquid interface culture (ALI). As HBE cells mature,
cortical tension imposed by the acto-myosin network increases dominating cell-cell
adhesion forces maintained by junctional proteins (e.g.. e-cadherin). As a result, the
cells are caged by their neighbors in a frozen state that approaches AR of 1.2, a jammed
state. [21,27,28] While we do not currently have a theory to explain these findings, we
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can infer that in 2-dimensional cell culture systems of epithelial cells, proximity to
a mean aspect ratio of 1.2 indicates proximity to a jammed state. Atia’s findings further
suggest that the variability in AR is a linear function of AR itself, this variability being
not random noise, but rather reflecting universal features of the geometry of confluent
cells. [28] While the signal transduction pathways have yet to be established, Atia built
on Park’s finding that asthmatic layers display an initially unjammed phenotype, which
gradually approaches the jammed state, but more slowly. Together, these papers were
able to identify a relationship between elongated cell shape and the potential for
increased cell migration, both features of unjamming of the epithelial layer.
Furthermore, they also demonstrated that the phenotype of epithelial unjamming, as
defined previously, was a feature of both a maturing epithelial layer and also an
asthmatic epithelium[21, 28] These findings present a new biomechanical lens through
which potential factors associated with asthma might be evaluated.
1.5 ASTHMA ON A BIOMECHANICAL SPECTRUM
Unlike the complicated picture of biochemical signaling previously used to
explore the development of asthma, epithelial unjamming provides a measurable
physical signature of asthma. Using the phenotype of epithelial unjamming informs a
new epithelial cell specific spectrum for asthma, where polygonal, mostly pentagonal
[25], immobile cells are considered “normal” and cells can be regarded as becoming
“more” asthmatic the farther these cells are from maintaining this jammed shape and
kinetic arrest. (Figure 1.6) The jamming mechanism allows for potential intermediate
biomechanical states and incorporates the premise that the lung cells in asthmatic
patients have developed an augmented injury response in terms of gene expression and
14

protein localization [14,63]. Following repeated injury from any exogenous source, the
lung epithelial cells begin to adopt a more elongated and more mobile form [21,28],
pushing epithelial cells toward cell shapes and velocities consistent with what we see in
asthma.

Figure 1.6: Epithelial Mechanics and spectrum of asthma

Figure 1.6: Epithelial mechanics and
spectrum of asthma.
Lung cells that are jammed, or normal,
should appear immobile and pentagonal
and to the left of the spectrum. As lung
cells are injured they adapt a more
asthmatic phenotype moving towards
mobility and elongated cell shapes. The
spectrum allows the identification of
earliest onset of asthmatic biomechanical
characteristics.

1.6 VIRAL INFECTION AND ASTHMA
There is a growing body of evidence that supports the relationship between epithelial
unjamming and the pathology of asthma. Nevertheless, the physiological relevance of
epithelial unjamming in asthma has not been established. Conversely, respiratory
infections, most notably rhinovirus infections, have frequently been associated with the
pathogenesis of asthma and are often detected in asthma exacerbations, yet the
mechanism of rhinovirus induced asthma pathogenesis remains murky.[30,31] A
reported 66% of cases of pediatric airway inflammation leading to asthma are associated
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with a range of respiratory viral infections.[29] (Figure 1.7A) In surveying a panel of
respiratory viruses, the Childhood Origins of Asthma Study (CoAST) reported in 2017
that a significant majority of cases of infantile wheezing sickness, a known asthma
precursor[32], were caused by rhinovirus A (RVA) or rhinovirus C (RVC), followed
closely by respiratory syncytial virus (RSV), dwarfing other alternative mechanisms.
Collectively, these findings point toward rhinovirus infection as the most promising
target of study for understanding the interplay between respiratory infection and
mechanobiology in asthma progression respiratory infections.[29,39] Subsequently,
Jackson and others also found that RVA was the virus most significantly associated with
asthma and has a threefold higher odds-ratio for development of asthma when
compared to RSV. (Figure 1.7A and 1.7B). [29,32]. Numerous studies have found
associations between RV and asthma development[33,34,39] Subsequently, RVA has
been shown to induce goblet cell hyperplasia, a known asthma feature.[42,43]
Likewise, rtPCR assays demonstrate that RV infection is associated with 80-85% of
asthma exacerbations in 9-11 year olds and 45% of asthma exacerbations in adults as
well as significant declines in lung function.[30,32] In addition, the landscape of
expressed genes changes significantly in asthmatics following RV infections.[31]
(Figure 1.8) Despite these associations, amongst frequent exacerbators, recent studies
show that there is no clear link between viral load, differences in secretion of proinflammatory cytokines, and the severity and frequency of exacerbations. [40,41] Taken
together these studies suggest that immune response alone is insufficient to explain the
association between RVA infection and asthma pathogenesis and exacerbations, thus
suggesting a need to explore further mechanisms.
16

Figure 1.7: Rhinovirus infection in early childhood is associated
with asthma development

Jackson DJ, Gangnon RE, Evans MD, et al. Am
J Respir Crit Care Med. 2008
A) Rhinovirus (RVA) and rhinovirus C (RVC) are significantly more associated with infantile wheezing
sickness, a known precursor to asthma when compared to other common respiratory infections
according to CoAST (Childhood origins of asthma) study. [29] Total is >100% because in some cases
of infection, more than one virus was identified.
B) Rhinovirus A infections in early life alone have a significantly increased odd ratio of developing
asthma by age 6 when compared to respiratory syncytial virus. However, there is no significant
difference between early life infections with both rhinovirus and respiratory syncytial virus compared
to rhinovirus alone indicating that the predominant increase in asthma risk is associated with
rhinovirus infections.
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Figure 1.8: Differentially expressed genes following rhinovirus

Viral mimic poly(I:C)

Rhinovirus

infection or viral mimic, poly I:C challenge.

A.

B.

C.
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CHAPTER 2:
RATIONALE, HYPOTHESIS, AIMS
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RATIONALE, HYPOTHESIS AND AIMS
In this dissertation I test the novel hypothesis that viral infection promotes the
transition of the airway epithelial layer from a quiescent solid-like material state – the
jammed state - to a migratory fluid-like material state – the unjammed state – that has
been associated with cells obtained from asthmatic donors in the following specific
aims7 :
1. Determine to what extent challenge with a viral mimic ,toll-like receptor 3
(TLR-3) agonist poly I:C, in-vitro can disrupt a jammed solid-like pseudostratified epithelial monolayer. Viral infections including RVA and RSV, while
genetically dissimilar, have both been associated with asthma pathogenesis and
exacerbations via numerous studies.[29,30,31,32] Because asthmatic cells have
been shown to have a more unjammed phenotype [21], we sought to determine if
viral mimic could induce an unjammed phenotype in HBE cells from normal
donors. Poly I:C is a double-strand RNA (dsRNA) viral mimic that activates
inflammation through stimulation of toll-like receptor 3 (TLR3). Though not
unique to rhinovirus, dsRNA has been shown to elicit significant changes in
epithelial response in asthmatics. Analysis of Bochkov’s data found that many
genes of asthmatics were augmented following challenge with either viral mimic,
Poly I:C or RVA.[31] Analysis of Bochkov’s data

found that RVA infections

significantly upregulated several genes. However, a number of genes responsible
for cell-cell interactions and cell migrations are upregulated differently following
challenge with Poly I:C versus RVA. These include: ADAM metallopeptidase
domain 19 (ADAM19, a metalloproteinase important for cell-matrix interactions),
21

secreted protein acidic cysteine-rich (SPARC, responsible for changes in cell
shape), and fibronectin 1 (FN1, resposible for cell adhesion and important for
migration). We hypothesize that rather than the initial infection, viral
intermediate dsRNA, which the Poly I:C mimics, may be a potent inducer of
infection related unjamming.
2. Determine to what extent a viral infection in-vitro can disrupt a jammed solidlike pseudo-stratified epithelial monolayer. Evidence suggests that infections
play a role in exacerbations and the pathogensis of asthma, yet no mechanism
has been defined [33,34,39,45] While rhinovirus has been shown to increase
epithelial leakiness and loss of barrier integrity through loss of adherens
junctional proteins between epthielal cells[43], no tests of the functional role of
the cell-level mechanics of epithelial monolayers infected with RVA have been
investigated. On the other hand, asthmatic HBE cells grown in culture, and
likewise HBE cells exposed to bronchoconstriction like compressive stress (30cm
H20), exhibit an unjammed migratory phenotype [21] which has been predicted
to be associated with increased adhesions [27]. Independent of the role played by
cell-cell adhesion, the question remains whether rhinovirus infection itself can
induce epithelial unjamming independent of mechanical compression. This is the
hypothesis to be tested.
3. Investigate the ability of inhibitors of rhinovirus to reduce the effectiveness of
rhinovirus mediated unjamming.
A. Sub-aim 1: Determine to what extent blocking ICAM-1 receptor inhibits
the unjamming transition. Rhinovirus A coopts the ICAM-1 receptor for
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entry, and blocking ICAM has been shown to reduce asthma exacerbations
in mice.[46] As basal cells that have upregulated ICAM-1 receptors are
more susceptible to viral infections[47], and in asthmatics have also been
shown to have higher baseline traction forces[21], a possible source of
propulsion, I sub-hypothesize that blocking ICAM will attenuate RVA
induced unjamming.
B. Sub-aim 2: Investigate the role of TGFβ receptor signaling in rhinovirus
induced unjamming. In asthmatics, TGFβ release is elevated in
inflammatory cells adjacent to the basement membrane and has been
associated with increased rhinovirus replication.[48] Also TGF-β1 mRNA
and TGF-β proteins are overexpressed in bronchial biopsies from subjects
with severe and moderate asthma compared with controls without asthma.
[49] Because TGFβ is a known actor in migratory dynamics,
understanding its role is fundamental to understanding rhinovirus
induced migration. Likewise, within the paradigm of unjamming,
compression induced unjamming is signficantly attenuated following
inhibition of TGFβ receptor signaling. [21] Because of these findings, we
hypothesize that TGFβ signaling is a critical pathway in
induced unjamming.
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CHAPTER 3
MATERIALS AND METHODOLOGY
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3.1 VIRUS
Human rhinoviruses (RV) are responsible for up to 50% of respiratory infections and
can be classified in 3 species- A,B,C with over 160 subtypes included.[51] These species
are separated into major and minor groups depending on their receptors. The major
group of RV’s (most RV A and RV B) utilize intercellular adhesion molecule receptors
ICAM-1 for cell entry while the minor group ( 12 RVA subtypes) access the cell using the
low density lipoprotein.[52] Rhinovirus C mediates entry via a newly discovered
junctional protein; cadherin related family member 3, CDHR3

[51] Because of its

association with asthma, RV-A16 (gift from James Gern lab at University of Wisconsin
Madison) was used in cell migration assays. Doses assayed ranged from sub-maximal
multiplicity of infection (MOI) 0.1) to severe (MOI 10). Because it has been shown that
ICAM-1 receptors are upregulated in basal cells[47], infections were performed at early
(ALI Day 7) then late (ALI Day 14) ALI days when most basal cells

had not yet

differentiated into the uppermost epithelial cells, goblet and ciliated, rendering basal
cells more accessible.

3.2 CULTURE OF PRIMARY HUMAN BRONCHIAL EPITHELIAL CELLS
(HBEC) IN ALI CULTURE
Primary human bronchial epithelial cells were cultured as previously described by
Fulcher and Randell. [53] Briefly, primary human bronchial epithelial cells (passage 2)
from n=9 donors. (Table 3.1) were seeded at an initial density of 62,500 cells per
trans-well insert (12-well Corning #3460). Cells were grown in air liquid interface (ALI)
25

culture until cells reached confluence (~500,000 cells per trans-well insert). Cells
were maintained with modified cell culture medium of 50:50 Dulbecco’s modified
Eagle’s

medium (DMEM, Lonza) and Basal Medium (BEBM, Lonza) retinoic acid (Sigma) and
BEGM singlequot kit (Lonza) as previously described.
Apical media was aspirated to begin air-liquid interface day 0.

Experiments were

performed on ALI D7, ALI D14, and/or ALI D21 as indicated. Cells maintained in ALI
became well differentiated, expressing basal, goblet and ciliated cells confirmed by

U13

U8

U7

U19/U19b

U16/U16b

Age

50

23

16

70

47

Sex

Male

Female

Female

Male

Female

Ethnicity

Caucasian

Caucasian

Caucasian

Caucasian

Caucasian

BMI

27.3

26.18

19.35

unknown

25.1

Cause of

stroke

Gunshot to

Head

StrokeStroke Blunt head

head

trauma

trauma

overweight

Lean/ no

Lean/no

death
History of

overweight

disease

immuno fluorescence staining. (Figure 3.2)
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Table 3.1 (continued): Donor Data

U3

U9

U10

U22

UD1

Age

28

59

39

32

38

Sex

Male

Female

Female

Female

Female

Ethnicity

Caucasian

Hispanic

Hispanic

Hispanic

Caucasian

BMI

unknown

27.9

25.59

30.2

30.9

Cause of

Motor veh

stroke

Head

Blunt head

Fatal

death

accident

trauma

trauma

asthma

History of

smoker

overweight

obese

overweight

disease

Note: Cells were donated by University of North Carolina, Chapel Hill. Human bronchial epithelial cells
were obtained post-mortem from normal donors.

Normal donors (includes 1 smoker) consisted of

randomized individuals with varying medical histories that did not pass away from respiratory related
illness. One asthmatic donor whose cause of death was fatal asthma was used for comparison studies.
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Figure 3.1: Primary HBE cell culture and infection
Primary human bronchial epithelial cell retrieved from donor (Table 1)

Passage 0 >>> Passage 1 (P1) >>> Passage 2 Cells (P2)

Cells are expanded 2X in T150 flask (P1-P2 takes 6-8 days). When passage 2 cells reach ~90%confluence
they were harvested and frozen in media, 5% DMSO and 5% FBS (1.5 X106 cells) per 1.5ml tube and
stored in liquid nitrogen LN2.

12 well transwell plates (Corning #3460 clear) 0.4µm diameter pore, were coated with rat tail collagen
type 1 (Corning #354236) at a final concentration of 50ug/ml in 0.02N acetic acid for 1 hour at room
temperature.

Plates were washed with PBS then passage 2 cells were seeded (62,500 cells per well) in a submerged
condition. When confluent, apical media was aspirated and cells began to differentiate. Cells were
challenged with viral infection on ALI days 7 and 14. Cells were serum starved in minimal medium 20
hours prior to final infection on ALI D13. Note: All experiments use passage 2 HBECs.

Rhinovirus A
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Rhinovirus A

Figure

3.2:

Cell

differentiation

was

confirmed

with

immunofluorescence staining of cell differentiation markers on ALI D7, ALI
D10 and ALI D14.
b-tubulin, actin, dapi

ALI D7: nonspecific beta-tubulin
staining. Ciliated
cells appear as
punctate spots as
early as ALI D10.
Muc5AC+ goblet
cells are present.

ALI D10: Punctate
beta-tubulin
es
staining indicate
cells are
differentiating.
Ciliated cells
appear and
Muc5AC+ goblet
cells are present.

ALI D14:
Punctate betatubulin+ Ciliated
cells are apparent
and Muc5AC+
goblet cells
remain present.
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Muc5AC, actin, dapi

Figure 3.3: Well differentiated lung epithelium on air-liquid interface
culture system

Air-liquid interface has proven to be the gold standard in airway biology research. The
transcriptomes of HBECs grown and allowed to differentiate on the ALI culture system
compared to brushings from large airways have been shown to have no significant
difference.[54,55] Human primary cells cultured in ALI recapitulate a welldifferentiated pseudostratified airway epithelium. Cell constituency by ALI D14 show
beta-Tubulin+ ciliated cells (top), Muc5AC mucus producing goblet cells (middle) and
p63+ basal progenitor cells (bottom). Adapted from Atia, L. et al, 2018.
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3.3 VIRAL INFECTION
To determine the number of virus particles needed for infection, desired multiplicity of
infection (e.g. MOI 10) was multiplied by the number of cells(~500,000) resulting in the
titer needed in plaque forming units (PFU’s/ml):
i.e. MOI 10 X 500,000 cells = 5 x 106 PFUe/ml.
Desired titer/ stock titer = volume of stock virus needed per 100ul of virus inoculum.
Virus inoculum was made by diluting stock virus in 100ul of minimal media for a 12 well
trans-well.

Cells were washed (2X) with warm PBS before adding 100µl of virus diluted in complete
media(treatment) or 100µl of complete media (control) apically per well. Because
infection occurs in the upper respiratory tract, cells were incubated for 2 hours at 34ºC,
the temperature at which rhinovirus preferentially grows, to allow virus attachment.
Cells were then washed with pre-warmed PBS (3X) to get rid of unattached virus before
imaging for 12 hours. (20X magnification, 6 min. interval)

Viral efficacy was validated with each new virus lot by qPCR or western blot. Viral
infection was confirmed by western blot analysis of parallel experiments, fixation in 4%
para formaldehyde followed by immuno fluorescent staining of viral protein or qPCR on
a sampling of a subset of wells to confirm infection. (Figure 3.4)
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3.4 VIRAL MIMIC POLY I:C
A dsRNA viral mimic, polyinosinic-polycytidylic acid (Poly I:C, invitrogen) a known
TLR-3 agonist was used, to mimic infection via activation of the nfKb pathway.
Dilutions of 2.4-240 µg/ml Poly I:C (Invivogen #tlrl-pic) were prepared in endotoxin
free water. Human bronchial epithelial cells grown in air-liquid interface culture were
challenged with doses of 2.4-240 µg/ml Poly I:C (Invivogen #tlrl-pic) or LPS-A (positive
control) on ALI days 7 and 14. Cells were washed (2X) with warm PBS before adding
Poly:IC apically per well. Cells were incubated with Poly I:C for 24 hours at 37C then
washed

with pre-warmed PBS (3X) before time-lapse imaging. (10X or 20X

magnification, 6 min. interval) Protein lysates were collected for protein analysis.

3.5 IMMUNO-FLUORECENCE STAINING OF RVA
HBE cells on transwell inserts were fixed with 4% paraformaldehyde overnight at 4C.
Following fixation, cells were permeabilized with 0.1% Triton X-100 in PBS (PBST) for 1
hour at room temperature, blocked with buffer solution (1%bovine serum albumin
(BSA), normal goat serum, PBST) for 1 hour at room temperature then incubated
overnight at 4ºC in primary antibody (Table 3.2) in this same buffer solution described
above. Following primary antibody incubation, cells were rinsed 3X with PBST, then
incubated in secondary antibodies Alexa Fluor goat anti-rabbit 488 (Thermo-scientific)
or Alexa Fluor goat anti-mouse 594 , washed 3X with PBST, incubated with Alexa Fluor
phalloidin 488 (Thermo scientific) or Alexa Fluor phalloidin 594 (Thermo scientific) in
1% BSA and PBS for 45 minutes, washed 3X PBST then incubated with Hoechst
(1:5000) for 5 minutes at room temperature and mounted on glass slides with
Vectasheid.
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Table 3.2. Primary Antibodies for Immunofluorescence staining

Primary antibody

Concentration

Company

Rhinovirus A (RVA)

1:750

QED, biosciences

MUC5AC

1:1000

Invitrogen

b-tubulin IV

1:1000

Sigma
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Figure 3.4: Rhinovirus Infection confirmed in donors using immunofluorescence or western blot.

Representative images of immune-fluorescence staining of rhinovirus infected HBE
cells at ALI day 15. Orthogonal view (top) is reconstruction from optical sectioning using
structured illumination

(Zeiss Axio Observer Z1,

Apo tome corrected image).

Magnification 20X. Uppermost (apical) and basal view shown for reference. Image
shows positive staining for Rhinovirus A(RVA) detected.
RVA was detected in all donors for shape analysis. Notably, positive IF staining for the
virus is sparse. The rhinovirus immunofluorescence stains were repeated over 6
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normal HBEC donors in duplicate for a total of 12 stained wells. Transwell inserts were
cut into ~1/5 sections and mounted on slides. Stained images are consistent with IF

stains for rhinovirus A in ALI culture (Jim Gern personal communication). Control
antibody was not stained, as controls display insignificant amount of diffuse, non
specific staining Though the infection efficiency of rhinovirus A16 (RVA16)in-vitro has
been shown to be low ,~10% (personal communication Jim Gern), reports suggest that
RVA16 at MOI 1 reproduce a clinically relevant epithelial response to viral infection
including altered gene expression [31] and altered barrier defense [43] common to
rhinovirus infection in-vivo.
3.6 WESTERN BLOT AND TCA PRECIPITATION
Protein lysates from samples were cryo-preserved and western blots for Rhinovirus, as
well as proteins upregulated in the compression induced unjamming including, Hic-5
and Vimentin, along with junctional proteins and epithelial cell markers E-Cadherin, Ncadherin, SLUG and SNAIL were all assayed and compared to E-cadherin, as E-cadherin
has been shown to be unaffected by epithelial unjamming.[56] Briefly, 10-15µl of protein
lysates were separated by molecular weight via gel electrophoresis at 135V for 70
minutes. Proteins were transferred to a 0.2µm pore membrane using a semi-dry transfer
technique run at 12V for 1 hour. Gels were stained with coomassie blue overnight,
rinsed, and then imaged. Membranes were blocked with 5% skim milk in tris-buffered
saline and Polysorbate 20 (TBST) for 1 hour on a rotator. Primary antibodies were
added ~1:1000 in 5% BSA or 5% skim milk and incubated overnight at 4°C on a rocker.
Samples were then rinsed 3X in TBST for 15 minutes before adding secondary
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antibodies (1:2500) for 45 minutes at room temperature. Membranes were then rinsed
4X with TBST for 15 minutes each. Following the final rinse, horseradish peroxidase
(HRP) substrate was added to membranes before imaging.
TCA precipitation was used to concentrate proteins in conditioned media (CM). CM
from rhinovirus infected (treatment) or media treated (control) cells was aspirated 24
hours post infection. 20% TCA was added in a 1:1 ratio of TCA to CM and incubated on
ice for 30 minutes. Suspension was centrifuged at 14,000 rpm for 10 minutes and
supernatant was discarded. Remaining pellet was rinsed with cold acetone (1ml) on ice
for 30 minutes twice. Acetone was removed and sample was air dried for 10 minutes. 50
µl of sample buffer + DTT was added to pellet before vortexing and boiling for 6
minutes. Samples were cryo-preserved at -80°C for later Western blot.

3.7 ICAM-1 BLOCKING
HBE cells were grown in ALI culture as previously described.[21,53] Cells were treated
on ALI D7 and ALI D 14 with pre-warmed PBS (with Ca+ and Mg+) or RVA16 (MOI 1)
for 2 hours at 34°C . 14C11 (Invitrogen) is a monoclonal antibody to the external domain
of human ICAM-1. It has been shown to block RVA binding but not interfere with the
ICAM-1/LFA-1 binding site necessary for cell-cell adhesion in vivo.[46]
ICAM-1 inhibitor, 14C11, was diluted in complete media and was added apically at
0.1µg/ml (treatment) or complete media alone (control) 1 hour prior to RVA16 (MOI 1)
infection of normal and asthmatic HBECs. Cells were imaged for 36 hours and lysates
and conditioned media were collected for protein analysis.
Western blot.
36

RVA was detected by

.
3.8 TGFb BLOCKING
Low dose TGF-β inhibitor, 10µM of SB431542, was added 1 hour prior to RVA16 (MOI 1)
infection of normal HBECs followed by infection as described above. In vitro, SB431542
works by inhibiting dimerization of TGF-β receptor 1 (TβRI) with TGF-β receptor II
(TβRII).Inhibiting dimerization of these receptors has been shown to be sufficient to
block TGF-β mediated growth factors. [77]

3.9 RNA EXTRACTION AND RT-QPCR
Total RNA was extracted from ALI cultured cells using RNeasy mini kit (Qiagen
#74104) according to manufactures protocol. mRNA was amplified using Power SYBR
green master mix (Applied Biosystems #4367659) Relative RVA (to GAPDH) mRNA
concentrations were determined by RT-qPCR using the primers in Table 3.3. The Ct for
GAPDH did not change with RVA infection.

Table 3.3. Rhinovirus A primers

Primers

Sequence( 5’-3’)

RVA16 fwd

CCTCCGGCCCCTGAAT

R848 rev

AAACACGGACACCCAAAGTAGT

GAPDH fwd

TGGGCTACACTGAGCACCAG

GAPDH rev

GGGTGTCGCTGTTGAAGTCA
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3.10 TIME-LAPSE MICROSCOPY AND ANALYSIS
Time-lapse, phase-contrast imaging in a humidified chamber at 37C was performed for
periods of 12, 24 or 36 hours at 6 minute intervals in order to capture both the early
mechanical perturbations due to actin-cytoskeletal rearrangements during entry and
second wave infection events that occur as the viral intermediates (dsRNA) attach to
TLR receptors. Image files were analyzed in Matlab with Particle Imaging Velocimetry
(PIV) or Optical Flow (Farneback) and subsequent

speed

and trajectories were

calculated.

FIELD OF VIEW SELECTION
Cell velocities of HBE cells vary depending on field of view position in the
transwell insert. To avoid bias in selecting field of view (FOV), preliminary experiments
were conducted on one well (0.33cm diameter) with 56 FOVs stitched together, from 1
donor infected with RVA16 MOI1 or complete media. Data show that FOVs at the
center of the transwell show comparable speeds. These results were confirmed by
repeat experiments on that same donor, where quantification of 12 hours of time lapse
imaging for 12 central FOVs were compared. No appreciable difference was noted when
comparing 12 central FOVs for normal donor RVA 16 MOI 1, as well as from an
asthmatic donor RVA16 MOI 1. For all subsequent data, 3-6 FOVs were selected at
random from the center of the well for time lapse imaging and quantification.
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Figure 3.5.1 Phase contrast time lapse images of entire 0.33cm well,
stitched together (top) and speedmaps comparing 12 central FOV of normal
or asthmatic HBE cells infected with RVA (bottom)
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Figure 3.5.1 continued

Cells from normal and asthmatic donors show comparable average cell
speeds when comparing 12 central FOVs.
Representative speed maps for 12 central FOVs of 0.33cm diameter transwell. Timelapse images were obtained (6 minute interval) for 12 hours. Graphic represents mean
speeds for 12 hours. (scale 0 -12µm/hour blue –low speeds, red-high speeds)
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Figure 3.5
CELL SHAPE (SEGMENTATION ANALYSIS)
Fixed and actin stained HBE cells were optically sectioned

to capture

the

full

monolayer. Because of the rugged topology of the monolayers, the uppermost apical
actin of some cells appeared in varying Z-planes. For this reason images were collapsed
to maximum intensity projections (MIP) and segmented along cell borders. Cell
boundaries were determined in a semi-automated fashion supplemented with manual
corrections as previously described[28] and cell shape data was calculated from output.
c. Segmented Image

Rhinovirus

Control

b. Original Image
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SEGMENTATION ANALYSIS
We segmented the tissue images with maximum intensity projections using the program
Seedwater Segmenter to determine the cell boundaries and extracted various cell shape
information from the apical region, like the apical cell area and perimeter. The program
initially applies a Gaussian filter on the image, introduces seedpoints at the minima of
the filtered image or region centroids, and then guesses the cell boundaries by an
automated watershed algorithm. It also allows manual editing of the seedpoint locations
which enables us to find the exact cell boundaries for difficult cells. After any manual
modification of a seedpoint, in form of addition or deletion, the nearest region
boundaries are redrawn automatically by the program. Aspect ratio was determined by
dividing the major by the minor axis of each ellipse fit to an HBE cell. Major and minor
axis lengths (in pixel units) correspond to the square-root of the eigenvalues of the
moment of inertia tensor. Accuracy of the given measurements using “regionprops” and
“polygeom” functions in Matlab.
SeedWater: https://pypi.org/project/SeedWaterSegmenter/

3.11

DETERMINATION

OF

IL-8

SECRETION

BY

ENZYME-LINKED

IMMUNOSORBENT ASSAY (ELISA)
Secretion

of IL-8 was determined by ELISA (R & D) according to manufactures

instructions. Conditioned medium was collected from HBE cells before and 24 hours
post challenge with poly I:C and assayed for IL-8.
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3.12 ICAM-1 GENOTYPING
HBE cells were genotyped for ICAM-1 mutation K469E as described in Puthothou.[57]
Genotyping was performed by restriction fragment length polymorphism (RFLP)
PCR conditions were: 65–55°C in -0.5°C steps, 20 cycles, 55°C 20 cycles. We used
restriction enzyme Bsh12361 (BstUI) to cut at CG|CG.
NC_000019.10: 10284949-10285105 Homo sapiens chromosome 19, GRCh38.p7
Sequence:
AGATCTTGAGGGCACCTACCTCTGTCGGGCCAGGAGCACTCAAGGGGAGGTCACCCGC
[A/G]AGGTGACCGTGAATGTGCTCTGTGAGTGAGCCGGCGGGCAGAGCTGGGTGGG
GGCAGGGGCCATGGACCTAATGCAATCCTCACCGCCTGTTGTATCC
Donors were designated wild-type, heterozygote or mutant according to the following
banding:
Predicted banding:
Wild-type = 157 bp
Heterozygote = 157, 100, 57 bp
Mutant = 100, 57 bp
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Table 3.4: ICAM-1 primers
ICAM-1 rs5498 (K469E)

Sequence( 5’-3’)

SNP Primers

ICAM-1 fwd

AGATCTTGAGGGCACCTACC

ICAM-1 rev

GGATACAACAGGCGGTGAG
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3.13 LIVE/DEAD ASSAY
Viability of cells was confirmed with a live/dead assay kit (Thermo-scientific) as
described by manufacturer. Briefly, control, infected or 70% MeOH (positive control)
treated cells were incubated with green-fluorescent calcein-AM to indicate intracellular
esterase activity and red-fluorescent ethidium homodimer-1 to indicate loss of plasma
membrane integrity per manufacturer’s instructions. Cells were imaged using wide field
fluorescence microscopy on Zeiss Observer Z1. Images were quantified by manual
counting. Consistent with multiple reports, RVA does not cause significant cell death in
ALI culture at 24 hours post infection.[58] Viral shedding was measured by TCAprecipitation of proteins as described in 3.6 in the supernatant followed by Western blot
analysis. No shed virus was detected at 24 hours post infection.

3.14 PROLIFERATION ASSAY
HBE cell proliferation was quantified using Click-iT Edu assay (Thermo-scientific) as
previously described in manufacturer’s instructions. Briefly, 5-ethynyl-2′-deoxyuridine
(EdU) conjugated to Alexa Fluor 647 was incubated with cells 24 hours post infection.
Because EdU is incorporated into DNA during replication, 647+ cells were counted as
proliferating. Cells were stained with Hoechst then imaged on Zeiss Observer Z1.

3.15 STATISTICAL ANALYSIS
Quantitative data are presented as means ± standard deviation (SD) for speeds and ±
standard error of the mean (SEM) for ELISAs and IF images. Medians were used for cell
shape analysis. ANOVA analysis was used to compare rhinovirus or Poly I:C with the
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control groups. T test was used in experiments that contained only two treatment
groups. P values of less than 0.05 were considered statistically significant, P values of
<0.001 are represented by ***. All statistical analyses were performed using Prism
Version 7.0 software 2018 (Graphpad Software Inc.).
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CHAPTER 4:
RESULTS AND DISCUSSION
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Viral infections including human rhinovirus A (RVA) and respiratory syncytial virus
(RSV) have been associated with asthma pathogenesis and exacerbations via numerous
studies.[29,30,31,32] Asthmatic cells tend toward a migratory, unjammed phenotype
[21], and because RVA is associated with asthma pathogenesis, this leads naturally to
the hypothesis that RVA might cause unjamming. We began by asking if viral mimic
could induce an unjammed phenotype in HBE cells from normal donors. Poly I:C is a
dsRNA viral mimic that activates inflammation through stimulation of toll-like receptor
3 (TLR3). Though not unique to rhinovirus, dsRNA has been shown to elicit significant
changes in epithelial response in asthmatics. [31] Here, we test the hypothesis that
mimicking a viral infection with a viral intermediate, dsRNA, common to RSV and
RVA can induce an unjamming phenotype common to cells from asthmatic donors.
VIRAL MIMIC INDUCES EPITHELIAL UNJAMMING
To address whether the unjammed state seen in human bronchial epithelial cells (HBE)
derived from asthmatic donors could be provoked by viral mimic challenge of normal
epithelium, we exposed well differentiated primary HBE cells from normal donors to
repeated doses of viral mimic (Poly I:C), a TLR-3 agonist. Cells challenged with 0.24
µg/ml of viral mimic (Poly I:C) at late days of maturation, ALI D11 or beyond, show no
significant difference in average cell speed when compared with time matched controls
24 hours post Poly I:C challenge. Surprisingly, however when cells were challenged with
0.24 µg/ml of Poly I:C twice, once early (ALI D6) and once late (ALI D12), the HBE
monolayer displayed coordinated collective migration, a signature of unjamming,

49

between 24-36 hours post challenge, whereas time-matched controls displayed no such
motion. (Figure 4.1A)
Goblet cell hyperplasia is a hallmark feature of asthma, which can be induced by
rhinovirus both in-vivo and in-vitro. This is dependent on the epithelial innate immune
response via activation of nuclear factor-κB-(NF-κB)[42] We sought to determine if
unjamming of epithelial cells was a result of an early innate epithelial derived immune
response to viral infection, characterized by activation of (NF-κB), which is commonly
measured by downstream IL-8 secretion.[61] Consistent with Lever’s findings [62], we
also found that Poly I:C challenge of HBE cells resulted in activation of NF-κB and
subsequent release of IL-8 as measured by ELISA in the HBE cell supernatant.
(Supplemental Figure 1, Figure 4.1) Our ELISA showed that secretion of IL-8 from
HBE cells was comparable when comparing the jammed one time early challenged (1X)
with the unjammed early and late challenged (2X) poly I:C, thus we speculated that
viral mimic-induced unjamming was likely independent of IL-8 secretion alone. We can
infer that if IL-8 secretion is important in epithelial unjamming, it likely requires some
co-factor induced by the 2X treatment that was not present in the 1X treatment. (Figure
1D) There was no significant difference between average HBE cell speeds treated with
poly I:C doses 2.4µg/ml-240µg/ml 24-36 hours post challenge, suggesting that while
TLR3 activation induced unjamming is time dependent, it is independent of dose.
While there is overlap of differentially expressed genes of asthmatic HBE cells treated
with poly I:C compared with those infected with rhinovirus [31], (Figure 1.8) most
genes associated with cell migration and cell shape changes in this study are reported to
be uniquely augmented with poly I:C treatment.[31] Thus, we hypothesized that rather
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than the initial infection, viral intermediate dsRNA, which the Poly I:C mimics, may be a
potent inducer of infection related unjamming. The Poly:IC trials assayed the response
of a single primary HBEC donor; and while experimental repeats of this assay (n=6)
demonstrate that the unjamming behavior is present we cannot dismiss the potential for
inter-donor variability common to HBE cells in culture. Nevertheless, while we
recognize that these data from 1 donor may or may not allow extrapolation to the
general population, we nevertheless find the Poly:IC induced unjammed phenotype
present.
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Figure 4.1: Viral mimic (poly I:C) induces the unjamming transition and
independently a release of IL-8
Control

1X Poly I:C
B.

A.

IL-8 (nanograms/mL)

D.

µm/hr.

60

2X Poly I:C
C.

IL-8
n.s.
p<0.001

40

20

0

Control

1X veh 1X poly I:C 2X veh 2X poly I:C

Representative speed maps of well differentiated human bronchial epithelial cells
grown in air-liquid interface culture untreated or PBS only (A) treated with
0.24ug/mL (poly(I:C)) on ALI day 11 (1X), (B) or ALI days 6 and 12 (2X), (C).
Time-lapse images phase contrast images were obtained 24-36 hours’ post
challenge. Speed maps represent average speeds over 12-hour period. PIV analysis
of cell motion reveal a significant increase in average HBE cell speed of 2X
treatment compared to 1X treatment and control. Peak cellular speeds of 2X
treatment exceeded 6µm/hour whereas peak speeds of 1X treatment was similar to
control, untreated HBE cells. (d) IL-8 secretion from conditioned media confirm
that the poly I:C challenge was comparable in the 1X and 2X treatment conditions
and thus suggest that induction of unjamming is time dependent.
Images 6
minute intervals. 24 hours. P=0.0009 1 X poly(I:C) vs PBS, P=0.1514 1X vs 2X.
error bars are SEM. Poly:IC experiment on 1 donor (U16), U16 experimental repeat
n=6. IL-8 assay from 1 donor with each condition assayed in triplicate.
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RHINOVIRUS INDUCES EPITHELIAL UNJAMMING
To investigate the potential of rhinovirus to induce unjamming, normal primary HBE
cells were infected with rhinovirus A16 (RVA16) on ALI day 7 and ALI d14. Surprisingly,
these RVA16 infected HBE cells displayed appreciable elongated cell shape changes
with concomitant significant increases in cell speeds between 9-12 hours post infection
when compared to time matched controls. (Figure 4.2) To our surprise, the RVA16
infected cells displayed peak speeds as much as 5X that of poly I:C challenged cells,
suggesting that while TLR3 agonist is sufficient to induce unjamming, RVA16 elicits a
more pronounced response. In order to compensate for variability amongst donors, we
pooled data to obtain a more conservative statistical measure. (Figure 4.2D, 4.2E)
Finding a significant difference in donor variability invites us to explore independent
donor response to virus.
We did not find this unjamming to be correlated to any changes in density, as RVA16
infection did not significantly augment cell death or proliferation consistent with prior
reports of RVA16 infection in in-vitro cultures.[58] (Supplemental Figure 2)
Consequently, when we assayed the conditioned media of the viral infected cells by TCA
precipitation followed by Western blot, we found no shed virus in the conditioned media
of our samples (data not shown). This may be because some mechanical forces of the intact in-vivo airway may be necessary to lyse cells. To date , no in vitro studies of primary
cells in culture have shown RV induced cell death, though in vivo RV causes some
shedding. [58] Faris suggested that while healthy, well-differentiated epithelium
maintain their epithelial nature injured cells (scratch wound) show an increase in
mesenchymal markers following rhinovirus infection in vitro. While our early infection
at ALID7, while layer is developing, may mimic a regenerating layer like that described
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by Faris, we found no increase in mesenchymal markers and no loss of epithelial
markers when comparing RVA infected cells with time-matched controls 24 hours post
infection. (Supplemental Figure 4)
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Figure 4.2: Rhinovirus increases cell speed of HBE cells grown in ALI
culture
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Figure 4.2 continued
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Figure 4.2 continued
HBE cell speeds post infection
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Figure 4.2: Cells were serum starved 20 hours prior to infection then treated on ALI D7
and ALI D 14 with PBS or RVA16 (MOI 1) for 2 hours at 34°C. Cells were imaged from
post infection hour 2-24. Speed plots are averaged over 22 hours. Warmer colors
indicate higher average speeds. Lysates and conditioned media was collected for
protein analysis. (A) Representative phase contrast images of normal cells untreated or
RVA16 infected. (B) Representative speed plot of control untreated or RVA16 infected
cells. Control HBE cells are jammed and immobile while RVA16 treated cells are
unjammed and migratory. (C) Photomicrograph of fluorescently labeled actin images
of normal HBE cells control or infected with RVA16. RVA16 infected cells show
consistent changes in appearance, whereby clusters of cells appear elongated. (D)
Data for each field of view for each of 5 donors. Donors are distinguished by separate
symbols. For each donor, 6 fields of view were analyzed. In addition donor U 16 was
repeated twice more with 12 fields of view each. Speeds are 2-12 hours post infection.
(E) Quantification of average speeds per donor. Speeds show that Rhinovirus A
(RVA16) consistently unjams normal HBECs displaying mean speeds as high as
22µm/hr. The grand mean speed (solid line) was 8.2±6.5 µm/hr. A paired t-test
comparing speeds of control HBE cells to speeds of infected HBE cells yield a
statistically significant p value of 0.0046. Difference between means 8.038 ± 0.8169
µm/hr. (F) Rhinovirus A16 efficacy was validated in normal donor U16 and asthmatic
donor UD4 by Western blot analysis prior to experiments. Bands RVA VP0 (upper)
and VP2 (lower) identified. (G) Time-lapse imaging suggests rhinovirus infection
induced unjamming coordinates cell motions at 6-10 hours post infection and persists
for ~24 hours Magnification 10X. (H) At 24 hours post infection the speeds of normal
HBE cells trend toward decrease while HBE cells from an asthmatic donor display no
such decrease. Solid line represents median. ANOVA analysis was used to compare
conditions. (H) represents a 12 FOV (6 FOV per well/ 2 wells per donor) of a single
normal (U16) and a single asthmatic (UD1) donor.
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VIRAL LOAD AND EPITHELIAL UNJAMMING
A consistent feature of RVA induced unjamming in normal cells was the propensity to
begin to approach the quiescent jammed state 24-36 hours post infection. (Figure
4.2H) We hypothesize that as cells’ innate antiviral response was activated, cells’
speeds began to slow, suggesting increase in cell speed was a function of viral load.
Additionally, the 24 hour post infection time point coincided with 24 hours post media
change. Because the pH of cell culture media becomes more acidic as days progress and
higher pH has been shown to inhibit rhinovirus replication in vitro [76], we suggest that
cell migration speeds may decrease as a response to decreased viral load. To determine
if this collective migration was a feature of RVA load we challenged cells with RVA16
doses ranging from sub-maximal (MOI 0.1) to severe (MOI 10). When comparing cell
speeds from infected wells with sub-maximal doses to severe doses we found that there
is a moderate, but not significant association between higher viral dose and higher
average HBE cell speeds when measured at post infection hours 2-12. (Figure 4.3) We
anecdotally observed e in HBE cells derived from a single asthmatic donor when
compared to a single normal donor. HBE cells from the normal donor displayed no
difference in the increases of average cell speeds when infected with RVA16 compared
to cells derived from the asthmatic donor, though cells from asthmatic donors showed
increases in speeds at submaximal doses. Likewise, we find that the HBE cell speeds of
that same asthmatic donor show no decrease in speed at 24 hours post infection. (Figure
4.2H) We suggest that the prolonged increased speeds we observed in the asthmatics
and the increases in speeds at lower doses may be a direct consequence of higher viral
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load and impaired viral clearance. Though anecdotal, this finding supports prior studies
that suggest impaired viral-induced interferon (IFN-b) expression leads to enhanced
viral replication in patients with bronchial asthma.[37,45] Therefore, while the observed
dose dependent increases in the average HBE collective cell speeds suggest a moderate,
though not statistically significant, dependency on input dose, overall time post
infection, possibly correlated with viral clearance time, may be the greater potentiator of
average HBE cell speed.
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Figure 4.3: Rhinovirus induced unjamming and viral load
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(A)In normal donor U16, HBECs infected with RV-A16 at MOI 1 underwent a
transition from a solid-like jammed state toward a fluid-like unjammed state.
With infection, average cellular speed typically increased to roughly 10µm/hr.
having velocities begin to slow by 24 hours post-infection. (B)While Infection
with RV-A16 with doses MOI 0.01, 1, 10 all show a statistically signification
increase in average HBE cell speeds. Comparison between the doses does not
yield a statistically significant result. (A) Data taken form particle image
velocimetry (PIV) analysis of phase contrast images from post-infection hours 212. Data from a single donor, 2 wells per condition, 12 FOV. Each point
represents a field of view. Open circles represent average cell speed per field of
view for 2-12 hours post infection. Closed circles represent average cells speed
per field of view 12-24 hours post infection. Line represents mean. (B)Dose data
from a single donor, U16, challenged with a range of RVA dose. Data taken from
PIV of phase contrast images from 3 fields of view per dose 2-12 hours post
infection. Error bars represent SD.
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BIOLOGICAL VARIABILITY IMPACTS CELL SPEED
Evaluation of primary cells grown in ALI culture show large degree of inter- and intradonor biological variation when comparing localization of junctional proteins ZO-1, and
E-cadherin as well as trans-epithelial electrical resistance measurements (TEER).[54]
We hypothesized that because these junctional proteins are essential to maintaining
tissue homeostasis [38], this biological variability may have a direct impact on the
variability of the unjamming response. To confirm the reproducibility of our findings we
assayed multiple donors with varying patient demographics. (Table 1) We found that
while there was variability in the magnitude of speed response, each donor, excluding
U19b because of a presumed technical error during infection, displayed a striking
increase in average cell speeds at 24 hours post infection. Thus, we reject our null
hypothesis that the cells will have no migratory response to viral infection given that the
probability that 5 donors yielding a positive, migratory response to viral infection is
statistically significant (p=0.03) and thus not by chance.(Figure 4.4) Notably, we
found no difference in the expression levels of the junctional protein, E-cadherin.
(Figure 4.4b) This result is consistent with previous findings that E-cadherin
expression levels are unchanged in unjammed epithelial systems [21] and not correlated
to cell velocities.[38] Consistent with previous reports, we observed significant changes
in cell shapes while the epithelium was unjammed. [21,28] Interestingly, the most
marked difference between donors was observed in the differences in HBE cell shapes
following infection. To determine if observed differences in epithelial geometry
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following RVA infection were consistent with previously described changes in
geometry in unjammed systems [28], we fixed the HBE cells with 4% paraformaldehyde,
then labeled F-actin for fluorescence imaging. (Figure 4.5)
In our experiments, the uninfected jammed control cells did not reach the 3.81 shape
parameter that Bi describes as the preferred cell shape in jammed systems, and that was
found to be approached by both Park et al. and Atia et al. [21,27,28] (Figure 4.6A) A
potential origin of this difference is the fact that we segmented actin labeled fixed HBE
cells, whereas Park measured single frames of phase images [21]. As such, the higher
resolution in fluorescence images may lead to higher estimates of perimeter for a given
area, and therefore the higher value of q that we found. Similarly, in our experiments,
we consistently found that in our control cells the mean aspect ratios approached ~1.6
by ALI day 14 whereas Atia reports values closer to ~1.4 [28]. We confirmed the
accuracy of the given measurements using “regionprops” and “polygeom” functions in
Matlab, and the differences nevertheless persisted, perhaps reflecting our small sample
size. Nonetheless, there is little to no variability between the control samples when
comparing donor to donor; all infected HBE cell cultures from each donor showed
qualitatively more elongated cells and an increase in shape factor away from the
jammed state. Statistically, a paired T-test per donor between the control and RVA
infected HBE cells yielded a statistically significant p value of 0.0037. (Figure 4.6E)
While the biological significance of these findings remains unclear, we can infer that
increases in aspect ratio may serve as a robust biomarker of virus-induced altered
cytoskeleton and cell-cell interactions. (Figure 4.5)
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Figure 4.4: Magnitude of cell speed is donor dependent
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(A)HBECs from various donors (Methods Table 1) were grown in ALI culture.
Cells were serum starved 20 hours prior to infection. Cells were infected on ALI
D7 and ALI D 14 with PBS or RVA16 (MOI 1) for 2 hours at 34°C. Cells were
imaged for 24 hours (2-26 hours post infection). For each donor 6 FOVs were
analyzed. Data shows inter donor variability amongst cell speeds as related to
unjamming. Except U19b, all donors display a significant increase in average cell
speeds following infection. The probability that all 5 donors infected with RVA
would display increased speeds is 2-5 or 0.031 which is highly significant. (b)
RVA infection to the HBECs was detected in parallel experiment by Western blot.
E-cadherin levels were unchanged by RVA induced unjamming. Note: nonspecific band above viral proteins was consistent in all Western blot data for
RVA16 with the QED antibody. Line represents mean speed. N=5 donors.
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Figure 4.5: Rhinovirus A16 infection induces cell shape changes in
human bronchial epithelial cells
B. Original Image
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Representative images of HBECs were grown in ALI culture. Cells were infected on
ALI D7 and ALI D 14 with PBS or RVA16 (MOI 1) for 2 hours at 34°C. Cells were
imaged 8 hours post infection, when unjamming related migration was at its peak.
F-actin was labeled with Alexa Flour 594- phalloidin. Images were taken from
multiple Z-planes and collapsed onto a maximum intensity projection such that all
apical actin was included. The apical ring of cortical actin was measured for
calculating cell shape factors. (A) F-actin stained images. 10X Magnification. (B)
Segmented F-actin images. (C) Statistical analysis reveal that neither sample
reaches the predicted 3.813 (dotted line) shape factor for jamming, however there
is a significant difference in the shape factors when comparing RVA16 infected
HBE cells with time matched controls. ****P<0.0001. Solid line represents
median. Cells counted in analysis n=CTRL- 2251, A RVA-1687
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VARIABILITY OF CELL SHAPE WITHIN AN EPITHELIAL LAYER
INCREASES FOLLOWING RHINOVIRUS INFECTION
In recent findings Atia et. al. defines a linear relationship between AR and SD(AR) of
maturing primary HBE cells grown in ALI culture.[28] As HBE cells mature, cortical
tension imposed by the acto-myosin network increases dominating cell-cell adhesion
forces maintained by junctional proteins (i.e. e-cadherin)[21,28]. Thus, the cells are
caged by their neighbors in a frozen state that approaches AR of 1.2, a jammed
state.[28] To test the hypothesis that rhinovirus infection induces cell shape variability
consistent with an unjamming transition we fixed control or infected primary HBE cells
in 4% paraformaldehyde 8 hours post infection. When measuring the fluorescently
labeled apical actin we again found that neither control nor infected primary HBE cells
reached the critical jamming threshold of AR 1.2. (Figure 4.6a) Nonetheless, the
RVA infected cells deviated more from this value while exhibiting high degrees of
variability amongst cell shape. Again, our null hypothesis suggests that RVA will have
no effect on epithelial cell shape. However, all six donors show an increase in cell aspect
ratio, which non-parametrically corresponds to p<.02. Cell shape variability increasing
linearly with increasing aspect ratio is the crux of Atia’s findings.[28] As described in
the introduction, as cell shapes become more elongated, the variability of cell shapes
within the monolayer increases, away from the jammed state. To our surprise, though
RVA has not been previously shown to alter cell mechanics, RVA infected HBE cells
traced the same geometric relationship as the reported values of AR and SD(AR)
caused by mechanical compression of HBE cells in ALI culture. (Figure 4.6d) While
we showed only a moderate association between viral load and increased cells speed,
when we quantified viral load by qPCR in parallel experiments with the same donors
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and correlated viral mRNA to AR , we were surprised to see a strong relationship
between increasing AR and increased viral load. (Figure 4.6d) Though this RVA16 is
only 10% effective in viral entry to the cells, the more efficiently HBE cells propagated
the virus, the more pronounced the changes on cell shape trending to unjamming.
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Figure 4.6: Rhinovirus A16 infection is correlated with an increase in
cell shape variability in HBE cells
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(A)Across all normal donors, infection with RVA16 increases the value of the shape
factor away fr0m the 3.813 predicted jamming threshold. Normal untreated cells in
these experiments did not reach this threshold; this is likely due to biological
variability of the experimental condition. (B) Antibody labeled RVA16 is present in all
donors that have increased shape factor. (C) Aspect ratio measurements reveal that
infected cells appear both more elongated and have more variable cell shapes.
***P<0.0001 While the differences in the means are robust, statistical significance
comparing the differences of all AR of infected cells to all AR of control cells may be
due to the large number of pooled cells. (D) As the epithelial layer matures (data from
Atia et al.) aspect ratio and variability decrease. Infected cells display a smaller AR/
lower variability phenotype of maturation, i.e. toward a more unjammed state with
high aspect rations and increased variability. The linear regression of the
experimental data (excluding Atia’s maturation data) is represented by the solid line
Y=0.65X – 0.62 and has a slope between 0.52 to 0.79 (95%CI) that is significantly
non-zero. P<0.0001 (E) A paired T-test comparing the control AR and SD to the
infected AR and SD these data have a statistically significant p value of 0.0037 (F)
Rhinovirus expression from cells from parallel experiments for 3 of the same donors
show that there is a positive relationship between RVA16 expression and increased
AR. The linear regression (dotted line- Y=0.32X-0.50) has slope 0.25 to 0.49 (95%
CI) that is significantly nonzero. P=0.0011. n= 2 wells per donor for 3 donors. Error
bars represent SD. Note: 1 sample from a 4th donor was excluded from assay due to
technical error. Solid line at median in 4.6a and 4.6c.
Cells counted from each donor as follows: U19 CTRL- 2251, U19 RVA-1687, U3
CTRL- 2652, U3 RVA-1462, U9 CTRL-1973, U9 RVA- 1579, U22 CTRL- 2248, U22
RVA- 1269
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RHINOVIRUS INDUCES A TRANSIENT DYSMATURITY OF
EPITHELIAL CELLS
While evidence suggests that epithelial maturation is a necessary component for HBE
cells to transition to jamming [21,28], the qualitative effect of epithelial layer
constituency on collective cell migration as the mature layers is not as clear and remains
unstudied. While we know that there are multiple influences on epithelial
differentiation, when we review known arbitrators of unjamming such as mechanical
compression [21], and now RVA16, through the lens of their individual ability to alter
the epithelial differentiation program [6,42], the hypothesis that a balanced
differentiated state (as defined by Mercer with 1:1 ratio of basal cells to ciliate cells [61])
may be necessary for epithelial cell jamming becomes increasingly plausible. To test the
hypothesis that RVA induced unjamming is coincident with altered epithelial
differentiation, here defining the concept of dysmaturity, we fixed previously infected
well-differentiated HBE cells from the same donor on ALI D7 , ALI D10 or ALI D14 and
stained for epithelial differentiation markers for goblet cells (Muc5AC) or ciliated cells
(ß-tubulin IV). Consistent with previous reports [7,42], we found that RVA infected cells
exhibited a dysregulated epithelial program producing more goblet cells than expected
and fewer ciliated cells by ALI D10 when infected on ALI D7 as compared to time
matched controls. (Supplement 3) However, we were surprised to find that by ALI
D14 this discrepancy was resolved and there was no appreciable difference in goblet and
ciliated cell staining between cells infected with RVA and their time matched controls.
This absence of dysmaturity in infected HBE cells on ALI D14 was perplexing as parallel
experiments show these cells to be unjammed. These data suggest that there may be
differing mechanisms and effects of RV induced unjamming on a developing (ALI D10)
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layer when compared to a well differentiated layer (ALI D14). Thus, the timing of
differentiation as it relates to unjamming of an RV-infected epithelium remains an open
area of investigation.

ICAM ATTENUATION INHIBITS RHINOVIRUS INDUCED EPITHELIAL
UNJAMMING
Traub and others at Imperial College of London reported that anti-ICAM-1 antibody was
sufficient to inhibit rhinovirus induced lung exacerbations by systemically preventing
viral entry.[46] We hypothesized that preventing viral entry could block the effects of
RVA16 induced unjamming. To determine if blunting viral entry attenuates unjamming
we blocked cells with ICAM-1 antibody. We pretreated cells with a low dose (0.1µg/ml)
anti-ICAM-1, 14c11, 1 hour prior to final infection. We found that ICAM attenuation of
the overall unjamming response 2 of the 3 donors was striking, but one donor showed
little response to RVA16 and therefore its potential attenuation may be masked by its
lack of a strong migratory phenotype. (Figure 4.7)
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Figure 4.7: Rhinovirus induced unjamming is attenuated with inhibition
of ICAM-1
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Preventing Rhinovirus entry was sufficient to attenuate onset of cell motility. (A)
Representative speed maps of HBE cells infected with RVA16 (MOI =1) or HBE
cells pretreated with 0.1µg/ml of ICAM-1 inhibitor. Speed maps show that the
average cells speeds of the ICAM-1 inhibited RVA infected cells are significantly
lower. Speeds are averaged 2-24 hours post infection. (B) Quantification of
average cell speeds of 4 FOV /donor of 3 donors. When compared to RVA16 only
infected cells, ICAM-1 inhibited RVA16 infected cells show a statistically
significant decrease in average cell speeds, trending closer the jammed, untreated
control HBE cells. P< 0.001. Solid line represents mean.
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We found that the migratory speeds with ICAM-1 inhibitor do not show a return to
the control levels. We may tentatively rationalize this by noting that because primary
cells have variable differentiation rates[54], those donors which did not return to
baseline may have more basal cells, which are the primary source of ICAM-1 receptors in
airway epithelial cells[47]. Because we show a modest dose response in RVA induced
unjamming, we reason that low dose of monoclonal antibody anti-ICAM-1 0.1µg/ml
may insufficiently block viral entry in cultures with larger basal cell populations and that
this may account for the differences in cell speeds we see following ICAM-1 blocking.
Also, Park and Atia have shown that the increasing cell-cell interactions along with
changing cell shape are key features of the unjamming transition associated with
asthmatic HBECs. [21,28] ICAM-1 expression has been shown to be tightly regulated by
cell shape and cell-cell interactions with cells maintaining a cuboidal, roughly hexagonal
shape expressing decreased ICAM-1 expression[65]. Taken together these data suggest a
likely scenario in which elongated cells, in various degrees of an unjammed state, from
different donors or cultures, may be correlated to higher ICAM-1 expression, making
them more susceptible to RVA, and therefore need a higher concentration of the ICAM-1
inhibitor to attenuate the RVA induced unjamming.

RHINOVIRUS

INDUCED

UNJAMMING

IS

SUBJECT

TO

ICAM-

FUNCTIONALIITY
Because ICAM-1 blocking did attenuate unjamming statistically, we wondered if defunct
ICAM-1 receptors would have the same effect on RVA16 induced unjamming. Genomic
analysis of airway inflammation in childhood asthma suggest that a single nucleotide
polymorphism (SNP) in the intercellular adhesion molecule receptor -1 (ICAM-1), the
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receptor exploited by rhinovirus A, may be protective against asthma.[57,64] Within the
context of asthma, ICAM-1 function on endothelial cells has been shown to be important
in inflammation and immune cell trafficking[51], however, despite the abundance of
ICAM-1 receptors on epithelial cells or

their central role in asthma development,

functional analyses of the ICAM-1 receptors in bronchial epithelial cells are limited.
Here we test the hypothesis that the functional dimerization of the ICAM-1 receptor
on epithelial cells potentiates the human rhinovirus A induced epithelial unjamming
response via a comparative analysis of the unjamming response in wildtype ICAM-1 or
epithelial cells expressing the K469E ICAM-1 homozygous mutant, which has been
shown to be protective against asthma[57]. To determine if any of our normal donors
expressed the asthma protective ICAM-1 mutation, we genotyped cells from all of the
normal donors. We found the heterozygous genotype to represent about half of our
population with the wildtype and mutant populations combined representing the other
half of the donors. (Figure 4.8) We assayed donors that expressed cells that had
ICAM-1 469E mutation that has been epidemiologically linked to asthma protection
compared to ICAM-1 K469 wildtype and found there were moderate increases in speed
associated with ICAM-1 K469 WT. Interestingly, the ICAM-1 mutant cells displayed a
significant difference in cell shapes, which appeared closer to those of the control
untreated conditions, when compared to the ICAM-1 WT. Because there was also a
significant difference between measured shapes of the untreated controls and a repeated
experiment showed a wildtype with very low average cell speeds (data not shown), we
cannot reject the possibility that these findings are due to biological and experimental
variability. (Figure 4.8) More likely, however, because it has been suggested that
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K469E mutation results in an amino-acid exchange from glutamic acid (negative polar)
to lysine (positive polar) in a region that is important for ICAM-1 dimerization.[57]
Because

ICAM-1 dimers, compared to monomer, display an enhanced binding

efficiency[57], it is likely that HRV-induced unjamming is subordinate to functional
ICAM-1 dimerization.
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Figure 4.8: Mutant ICAM-1 has attenuated RVA16 induced unjamming
response in HBE cells
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K469E is mutant is protective against asthma. The substitution of a lysine for
glutamic acid in the dimerization region of the protein may prevent dimerization of
ICAM-1, frustrating RVA. We genotyped our donors using restriction enzyme
Bsh12361 (BstUI) to cut at CG|CG to cut NC_000019.10: 10284949-10285105 Homo
sapiens chromosome 19, GRCh38.p7
(A)Donors were designated wild-type, heterozygote or mutant according to the
following banding:Wild-type = 157 bp, Heterozygote = 157, 100, 57 bp and Mutant =
100, 57 bp
(B) Our mutant and wildtype ICAM-1 share roughly equal proportions (~25%) of our
population of donors while most donors having the heterozygous form of ICAM.
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Figure 4.8 continued
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(C)Representative speed maps of HBECs from
ICAM-1 mutant or ICAM-1 WT grown in ALI
culture. Cells were infected on ALI D7 and ALI
D 14 with PBS or RVA16 (MOI 1) for 2 hours at
34°C. Average cell speed for the mutant ICAM-1
appeared diminished when comparing to HBE
cells with WT ICAM-1. (D) Quantification of cell
shapes comparing WT ICAM-1 and mutant
ICAM-1. Cells were imaged as described above
the apical ring cortical actin was measured to
calculate cell shape factors. Statistical analysis
reveal there is a greater statistically significant
difference between the cell shapes of the RVA
infected ICAM-1 mutant compared to the
shapes RVA infected ICAM-1 WT cells when
compared to controls cells
of the same
conditions. 10X magnification. Statistical
Analysis-Multiple t-test Graph Pad Prism 7.0
Solid line represents median. WT CTRL
n=2251, WT RVA n=1687, Mutant CTRL
n=2652, Mutant RVA n=1462.
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RHINOVIRUS INDUCED UNJAMMING REQUIRES TGFβ SIGNALLING
Within the milieu of persistent asthma, TGFβ release is elevated in inflammatory cells
adjacent to the basement membrane and has been associated with increased rhinovirus
replication.[48] Also TGF-β1 mRNA and TGF-β proteins are overexpressed in bronchial
biopsies from subjects with severe and moderate asthma compared with controls
without asthma.[49] This role of TGFβ has been studied through the use of a TGF-β
signaling inhibitor SB431542. [77] In vitro, this compound works by inhibiting
dimerization of TGF-β receptor 1 (TβRI) with TGF-β receptor II (TβRII). Inhibiting
dimerization of these receptors has been shown to be sufficient to block TGF-β mediated
growth factors and the epithelial to mesenchymal transition, but more importantly, the
inhibitor suppresses TGF-β induced cell cycle arrest in the G1 phase, a condition
favorable for viral replication.[77, 79] Normally, HBE and other differentiated and non
dividing cells are quiescent in the G0 phase until they receive an external growth
signal[77]. Mitogen-activated protein kinase, which has been shown to be activated by
rhinovirus [78], activates signaling pathways that can cause a cell to enter the G1
phase.[79] Once this pathway is activated, G0/G1 cell cycle arrest has been shown to be
exploited by respiratory viruses such as influenza, because the conditions for viral
replication during this phase is more favorable.[79] Because TGFβ is a both a known
actor in epithelial migratory dynamics as well as viral replication [79], understanding its
role in epithelial cell unjamming is fundamental to understanding rhinovirus induced
migration. Thus we hypothesize that TGFβ signaling is a critical pathway in rhinovirus
induced unjamming by either augmenting viral load or interfering with some aspect of
cell-cell interactions. To investigate the role of TGFβ signaling rhinovirus induced
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unjamming we therefore pretreated serum starved HBE cells 1 hour prior to RVA16
(MOI 1) infection with low dose TGF-β inhibitor, 10µM, of SB431542. In HBE cells from
normal donors, this relatively low dose inhibition of TGF-β receptor in epithelial cells
was sufficient to attenuate unjamming in 2 of the 3 normal donors assayed.(Figure
4.9A) Our findings demonstrate that when TGF-β is inhibited, some cells migrate less
even though the viral load was not reduced by TGF-β receptor inhibitor. (Figure
4.9B) In the absence of cell cycle arrest data, we cannot conclude that the unperturbed
viral load was due to cell cycle arrest induced by rhinovirus, nonetheless the resultant
viral load following the inhibitor suggest that this may be a possibility. Likewise, these
data are consistent with our previous result suggesting that for normal cells infected
with rhinovirus beyond an MOI of 1 , viral load does not correlate with cell speed.
Alternatively, we considered the possibility that in the absence of migration, immobile
infected cells may have the potential to reallocate cellular resources to viral replication.
Nevertheless, it is unclear whether this surplus of virus is a result of more viral entry
during infection or increased viral replication because of more cellular resources and
this remains an active area of investigation.
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Figure 4.9: Rhinovirus induced epithelial unjamming is TGFb dependent
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(A) Average speeds of HBE cells from 6 fields of view (3 per well from 2wells
per donor) from 3 normal donors infected with RVA16 (MOI1) in the
presence or absence of 10µM TGF β inhibitor. Cells were serum starved for 20
hours prior to infection and pretreated with a s relatively low dose inhibition
of TGF-β. TGF-β receptor inhibitor was sufficient to attenuate unjamming in
2 experimental conditions. Phase contrast images post infection hours 6-12.
Error bars represent SD. Paired t-test demonstrates a significant increase in
the speeds when comparing infected HBE cells to time matched controls.
While the trends of the speeds of the cells from 2 donors slow, no significant
difference is noted when comparing speeds of TGF β inhibited infected cells
to infected cells alone.
(B) While Western blot analysis of RVA infected cells confirm infection timematched HBE cells from the same donor pretreated with SB431542 display
more prominent bands for the virus indicating more virus present. Note: nonspecific band above viral proteins was consistent in all Western blot data for
RVA16 with the QED antibody. N=3 donors A 4th point represents one donor
that was repeated.
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CHAPTER 5:
CONCLUSION, POTENTIAL IMPLICATIONS AND LIMITATIONS
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When we begin to understand the underpinnings of the previously unknown
altered lung epithelial cell mechanics in relation to asthma, we uncover an entirely new
field of inquiry. These are the first studies investigating the role of viral infection on
collective epithelial cell mechanics. We found that rhinovirus infection induces a
collective migratory behavior in human bronchial epithelium that display both the
kinetics[21] and geometry[21,25] of previously described unjammed epithelial layers.
We found that, consistent with previous reports [21,28] within unjammed systems,
rhinovirus consistently induced significantly higher shape factors (as measured by the
ratio perimeter/√ area) as well as significantly higher and more variable aspect ratios.
Though we found the unjammed phenotype to be induced by viral infections,

for

normal donors the changes in cell speed and geometry were not significantly related to
viral load alone when viral doses exceeded MOI 1. Nonetheless, because HBE cell
speeds slowed substantially by 36 hours post infection, which coincided with reported
viral clearance times [39,45], we cannot immediately exclude the possibility that viral
load also contributes to the maintenance of the unjammed state.
While data from Faris et.al suggest that rhinovirus infection of wounded or
regenerating epithelium resulted in an epithelial to mesenchymal transition (EMT)
characterized

by increased vimentin mRNA and loss of E-cadherin[46], we neither

found an upregulation of mesenchymal markers nor a downregulation of epithelial
markers in our experiments. Rather than altered EMT signaling , our data point to two
potentially important signaling pathways for rhinovirus induced unjamming: 1) ICAM-1
and 2) TGFß. 1) Antibody inhibition of ICAM-1 , which has been previously shown to
attenuate the frequency of rhinovirus induced exacerbations [46], we show mutes the
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epithelial unjamming response to rhinovirus, though this response varies by donor.
Similarly,

the mutation K469E which changes the function of

ICAM-1, confers

protection against developing asthma. [57] Though we find variability amongst donors,
we similarly observed a muted unjamming response, as measured by the ability of cells
to reach an average aspect ratios of ~1.2 [28], following rhinovirus infection cells with
K469E ICAM-1. Likewise, because TGFß has been shown to be induced by RVA
infection [48], and contributes to favorable viral replication conditions [78,79], as well
as is upregulated in the airways of asthmatics [49], our finding that rhinovirus
induced epithelial unjamming was attenuated 2/3 donors following TGFß inhibition
suggests that TGFß signaling may be a critical pathway for epithelial unjamming.
Initially, we hypothesized that a consequence of unjamming was that rhinovirus
could hijack a cell to avoid the mucociliary clearance of pathogens and utilize this
sustained migratory response as a vector to spread the viral infection to distant sites
within the cell layer. This would explain Gern and others' observation that infections in
normal individuals are localized to the upper airways, while infections in asthmatics
tend to be localized to the lower airways [67,75] where they do more damage, though
they show no mechanism for this occurrence. We found this explanation to be
implausible given

the relatively

slow maximum speeds (~20µm per hour) and

curvilinear trajectories of the viral infected cells. Rather, I propose two more likely
models: 1) cell geometry has been shown to be a fundamental regulator of cell
differentiation. [68,69,70] While the cell speeds were low indeed, the fluctuation of
shape changes were pronounced and sustained for well over 20 hours, which is a
significant enough time to alter both gene expression and protein localization. As such, I
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suggest

that RVA induced unjamming changed the differentiation pattern of the

developing airway in such a way that reduced cilia morphogenesis and increased goblet
cells much as we see in asthma. Likewise, planar stretch of differentiated epithelial cells
may risk cilia motility. In a recent publication, Fliegauf and others suggest that in a
bacterially infected murine ALI culture cilia become 'undocked' following loss of
apical/basal polarity due to changes in the actin cytoskeleton.[66] They suggest that
these cells appear to have shorter cilia have less powerful strokes and cannot clear
mucus.[66] Respiratory virus induced unjamming may 'require' similar changes in the
actin cytoskeleton that result in the undocking of both primary and motile cilia,
resulting in decreased ciliated cell differentiation and subdued function of what is left.
Additionally, elongated cell shapes, like the ones we see with viral induced unjamming,
have been found to positively regulate ICAM-1 expression [65] suggesting a positive
feedback loop involving elongated cells and

increased

number of available viral

receptors.
Supplemental to any physiological relevance, the distinctive mobility patterns
and quantifiable cell shapes that we see in unjammed epithelium potentially provides a
cell based metric that can be exploited to screen new drugs for

asthma. (Figure

5.1) With a condition as complex as asthma, these tools have not been easy to develop,
and yet a new wave of cross-disciplinary analysis and unconventional thinking have
revealed simple yet groundbreaking new avenues for research; the keys to
understanding and ultimately treating rhinovirus induced asthma may ultimately lie,
not in the complexities of biology, but in the simplicity of geometry.
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Figure 5.1
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Figure 5.1 Normal cells resemble asthmatic cells following
multiple infections rhinovirus.
Upper left: image of normal lung cells share the appearance of the
jammed cells from the asthma experiments. Lower left: Image of lung
cells infected multiple times, to simulate asthma development. These
cells appear to be more asthmatic-like or more unjammed
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LIMITATIONS
This thesis contributes to the larger field of research investigating the roles of
epithelial cells in asthma pathogenesis by validating epidemiological findings that
repeated rhinovirus infection is related to asthma development.

RVA induced

unjamming is a novel finding that demonstrate clear similarities between the mechanics
of an asthmatic epithelium and the mechanics of a rhinovirus infected epithelium.
Nevertheless, there are some limitations to our studies. Primarily, all of our studies are
done on primary cells in in vitro conditions. This in vitro culture condition presents the
biggest limitation of these data in that there is a great deal of

biological

variability inherent to all air liquid interface (ALI) cultures. It has been well
documented that different cell lines and different primary cell donors show different
phenotypes in cultures.[54] These phenotypes range from different gene expression and
protein concentration to differences in the localization of junctional proteins including
ZO-1 and E-cadherin. The forces applied across these junctional proteins are the bases
for the unjamming argument based on increased adhesive forces.[21,27,35] Therefore
altered expression and localization of these proteins between experiments may very
well influence our results. Also, all of our experiments are done on epithelial cells in
isolation, ignoring the mechanical influence of other cells in the respiratory structure.
The other components of the respiratory structure can alter epithelial mechanics by
altering micro-environments of the epithelium. For instance, increased collagen
deposition from fibroblasts may produce a more rigid substrate on which the epithelial
cells crawl. This would significantly change migration of these cells. Therefore,
confirming the unjamming paradigm in co-culture systems or otherwise in vivo or exvivo models would strengthen the validity of our claims. In a respiratory system with
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length scales in the range of mm, it is unclear how much HBE cell displacements on
such small scales as µm per hour would affect the overall system. Finally, the viral
mimic is dsRNA. Many respiratory viruses, including parainfluenza, which are not
associated with asthma have viral intermediates that are dsRNA. Because the viral
mimic is associated with unjamming, yet these other viruses are not, we must further
explore whether this viral induced unjamming is an asthma specific feature rather than
a universal feature of viral infected epithelium.
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APPENDIX I
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Supplemental Figure 1:
Viral mimic (poly I:C) induced unjamming is independent of dose
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Representative speed maps of well differentiated human bronchial epithelial cells
of a single donor, U16, grown in air-liquid interface culture challenged with
doses of 2.4-240 µg/ml (poly(I:C) on ALI days 7 and 14. (a) Speed maps reveal no
dependency on dose. (b)Cells treated with Poly I:C (invivogen #tlrl-pic) on ALID7
and ALI D14 in concentrations above. (-) control and (+) control from LPS A
treatment. Control (C)- no apical treatment, (O)-PBS +Ca+ and Mg+ treatment.
(c) Analysis of western lot reveal no significant difference between dose of viral
mimic indicating the specifically TLR-3 activation dependent unjamming does
not depend on dose. Note: Artifact makes + control band appear slightly higher in
molecular weight. Gel ran faster in middle lanes compared to outer lanes. LPS
positive control sample from Jennifer Mitchel.
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LPS

Supplemental Figure 2: Rhinovirus induced unjamming is not due to
changes in cell density.
No treatment

RV-A16 MOI 1
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70% MeOH
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Live cells Dead cells
No treatment
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RV-A16 MOI 1
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Representative images of normal HBE cells on ALI D14. Cells were serum
starved for 20 hours prior to infection with rhinovirus (RVA16 1) on ALI D14 for
2 hours at 34°C, rinsed with PBS and incubated for 24 hours at 37C. 24 hours
p.i., cells were treated with 2um EthD1 and 4um Calcein (Invitrogen Live/Dead
Viability kit L3224 ) for 40 minutes then imaged at 20X magnificaiton. (a,b)
Images show no difference in cell viability between untreated control cells and
RVA16 infected cells whereas MeOH treated cells (c) displayed pronounced cell
death. (d, e) RVA16 infected cells show no increase in cell proliferation.
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Supplemental Figure 3: Rhinovirus induces increase in goblet cell
differentiation and reduced ciliated cell differentiation

by ALI D10

when infected on ALI D7, but difference is resolved by ALI D14

A.

B.
RVA16

RVA16

ALI D10

ALI D7

Control

ALI D14

ALI D14

ALI D10

ALI D7

Control

Actin, Muc5AC (goblet cell), nucleus

Actin, ß-tub (cilia), nucleus

Representative immuno fluoresence images of RVA16 (MOI =1) infected cells and
their time matched controls. Cells were infected on ALI D7 or ALI D7 and ALID14
then fixed in 4% paraformaldehyde 24 hours post-infection . ALI D10 cells were fixed
72 hours post-infection. Muc5AC+ goblet cells staining appears early by ALI D7 while
ß-tubulin IV + ciliated cells begin to appear in both infected and non-infected
conditions by ALI D10. By ALI D10, 72 hours post-infection, RVA16 infected cells
display increased stainging for goblet cells and decreased staining for ciliated cells
when compared to control. Representaive images from FOV=7. 20X Magnification.
Approximate cell diameter 15µm.
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Supplemental Figure 4: Rhinovirus infected cells maintain epithelial
state

RVA
-

T
+

E-cadherin
Hic5
N-Cadherin
Vimentin
Snail
Slug

Western blot analysis of Rhinovirus A16 infected cells is not consistent with an epithelial
to mesenchymal transition. Western blot analysis for HBE cells from a normal donor
treated with control, RVA (MOI 1) or T - TGFβ (50ng/ml). TGFβ treatment is a known
inducer of EMT and increases protein expression or vimentin, Snail and N-Cadherin
while reducing epithelial marker E-cadherin as displayed while RVA16 infected cells
maintain epithelial markers E-cadherin and show no changes in mesenchymal protein
expression when compared to control uninfected cells...
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APPENDIX II:
Poly I:C and rhinovirus A induce secretion of the chitinase like protein YKL-40 from
well-differentiated human bronchial epithelial cells

This work is unpublished. Christalyn Rhodes performed all experiments with poly I:C
challenges and rhinovirus A infection. qPCR for this experiment was performed by
Michael O’Sullivan .
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INTRODUCTION
Tissue inflammation, smooth muscle hyper proliferation and collagen deposition are key
features of airway remodeling within the pathology of asthma.[7,10,24] While Human
rhinovirus has been associated with the pathogenesis of asthma[30,39], the role that
rhinovirus infection plays in remodeling the airway to the diseased pathology remains
unclear. Lia and others show that there is a direct correlation between secreted YKL-40
which is inversely correlated to lung function as defined by forced expiratory volume in
one second (FEV1) tests[72].

Consequently, increased serum YKL-40 has been

associated with severity of asthma and asthma symptoms[73]. YKL-40 has been shown
to be important to airway remodeling. Its most notable role is increases in angiogenesis
lending to increased inflammation.

Moreover, recently YKL-40 has been shown to

increase airway smooth muscle proliferation and migration[74] which supports the
connection between YKL-40 of the remodeling of the airway.

Because altered

epithelium has emerged as central to asthma pathogenesis [7,13] it is imperative to
understand if secreted factors from the epithelium can that induce remodeling.
Although our lab has shown that HBECs, in addition to airway smooth muscle, can
secrete YKL-40 following bronchoconstriction like compression[71], the potential of
these cells secreting YKL-40 in response to infectious pathogens that are linked to
asthma, such as rhinovirus, has not been demonstrated. Here we test the hypothesis
that viral infection can induce secretion of pro-angiogenic factor YKL-40 from human
bronchial epithelial cells.
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RESULTS
To test that hypothesis that Poly I:C could induce YKL-40 secretion in HBE cells were
treated 1X on early ALI day and 2X on early and late ALI days . We found that
consistent with previous findings[71], human bronchial epithelial cells secreted YKL-40
at baseline. Unexpectedly, we found that 1X challenge with Poly I:C was sufficient to
increase YKL-40 secretion in conditioned media. Moreover, we found that 2X challenge
was likewise sufficient to induce YKL-40 secretion when compared to control,
unchallenged cells however there was no appreciable difference in the levels of YKL40
secreted when comparing 1X and 2 X treatment. (Figure A.1.)
Normal Poly IC
control

1X veh.

1X Poly I:C

2X veh.

2X Poly I:C
YKL-40 40kDa.
transferrin

Figure A.1. Western blot analysis of proteins precipitated from the conditiened media of 1X and
2X Poly I:C treated HBE cells reveal that there are higer levels of YKL-40 secreted Poly I:C
treated cells when compared to time matched controls. There was no appreciable difference of
YKL-40 sectreted when comparing the 1X and 2X Poly I:C treatment.

Though viral mimic overlaps with rhinovirus in its ability to stimulate NF-KB pathways,
because they activate different receptors (TLR3 for viral mimic, ICAM-1 for RVA) we
cannot assume that downstream signaling will be identical[31]. To determine if YKL-40
secretion could be induced by rhinovirus infection, we twice challenged HBE cells with
rhinovirus A16 at dose of MOI = 0.01 or MOI = 1. Again, we found that HBE cells
secreted YKL-40 at baseline and that there was a significant increase in secreted YKL-40
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following. Similar to the Poly I:C 2X infection, we found no relationship between
secreted YKL-40 and RVA dose. (Figure A. 2.)
CTRL

RVA MOI 0.1

Figure A.2. Western blot analysis
of proteins precipitated from the
conditiened
media
of
RVA
infected
cells
reveal
that
there
are
Anti-YKL-40
higer levels of YKL-40 secreted in
antibody. 1:500
RVA infected cells when compared
transferrin to time matched controls. YKL-40
secretion did not appear to be
1:50,000
dependentupon dose..

RVA MOI 1

Because these cells don’t undergo apoptosis following RVA infection in cell culture[58],
we hypothesized that the increases in secretion of YKL-40 following infection were
also correlated it increased production of the YKL-40. To determine if RVA induced
increase in the production of YKL-40, we assayed HBE cells following 2 infections RVA
(MOI=1). We found that cells infected with RVA displayed a 3-fold increase in YKL-40

Fold change YKL40 /GAPDH (relative expression)

mRNA when compared to time matched control in one of two donors. (Figure A.3.)

4

YKL-40

3

Figure A.3. qPCR analysis of YKL-40
expression following RVA infection. In
each donor, YKL-40 is secreted at
baseline. We observe modest increases in
the mRNA levels of YKL-40 following 2X
infection with RVA at MOI = 1. Samples
are normalized to GAPDH. n = 2 donors

2

1

0

UNC8 CTRL

UNC8 RVA

UNC16 CTRL

UNC16 RVA

While more studies have to be undertaken to test this hypothesis, taken together, these
findings represent a promising pathway to demonstrate a novel link that directly
associates rhinovirus and airway remodeling that is common to asthma.
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SUPPLEMENTAL MOVIES
Movies can be accessed via link:
https://drive.google.com/open?id=1OdemR1aukAAL_cT4eYLaKZcWZFFe4
vwi

Supplemental Movies 1: Representative phase contrast microscopy time-lapse of
primary HBE cells on ALI D14-15. Images displayed are 20X magnification. 20fps.
Images were corrected for drift in Image J. Movie 1 shows 1X poly I:C challenged (ALI
D11) immobile, jammed HBE imaged on ALI D 14. Movie 1 shows 2X poly I:C
challenged (ALI D6 and ALI D12) unjammed HBE cells imaged on ALI D 14.

Supplemental Movies 2: Representative phase contrast microscopy time-lapse of
primary HBE cells on ALI D14-15. HBE cells are from a normal donor infected on ALI
D7 and ALI D14 with RV-A16 (MOI 10) for 2 hours at 34°C. Images 2-24 hours post
infection. 6 minute intervals. 10X magnification. 20fps.

Supplemental Movies 3: Representative phase contrast microscopy time-lapse of
primary HBE cells on ALI D14-15. HBE cells are from a normal donor infected on ALI
D7 and ALI D14 with RV-A16 (MOI 10) for 2 hr at 34°C. TGFb was inhibited with 1 hour
pretreatment with SB431542 at 10uM added basally. Images 6-12 hours post infection.
6 minute intervals. 20X magnification. 20fps.
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