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The common cold is the most prevalent infectious disease in humans, and the rhinovirus (RV) is the
main pathogen responsible. While most RV infections result in mild illness, young and old patients and
those with chronic airway inflammatory diseases, cystic fibrosis (CF), and immunodeficiencies are
predisposed to higher symptom burdens and respiratory distress. Many studies have demonstrated an
increased disease severity with the RV-C species in all of these populations, however there is still very
little known about RV-C molecular biology and the mechanism by which they are able to cause more
severe respiratory disease. Our knowledge of RV-C structure and biology is further limited by the lack of
a robust culture system and purification method for their study. Furthermore, there are no data in the
literature on the cellular tropism of the RV-C, an important consideration to fully understand the
mechanism of RV-C entry and interactions with the host. Thus, there were two primary goals of this
dissertation: the first was to develop a more robust growth and purification protocol for all RV-C clones;
and the second was to identify the cellular and tissue targets of the RV-C in respiratory epithelium, and

additionally determine the relationship of CDHR3 expression with RV-C tropism.

In this dissertation, we address the need for an improved purification protocol for multiple isolates of
the RV-C, refute the hypothesis that RV-C capsids are intrinsically less stable than those of other species,

and present a revised purification protocol that results in high levels of purified virus materials. We also



identified an increased sensitivity to low pH in all RV-C genotypes examined, and demonstrated an
increased capacity for virion production in Wis.L cells (embryonic fibroblasts). We further identify the
ciliated respiratory epithelial cell as the primary target of the RV-C by multiple methods and demonstrate
that the majority and highest levels of CDHR3 expression occurs in the ciliated cell population. Our data
also indicate that RV-C infection results in cell shedding, diminished CDHR3+ populations, and
decreased CDHR3 expression in individually infected cells. We then present preliminary evidence that
the RV-C target pharyngeal but not palatine tonsillar epithelium. The work presented in this thesis
demonstrates foundational experiments that answered multiple important questions regarding basic RV-C
capsid biology and tissue tropism and will serve as a springboard for future studies into RV-C structure,

biochemistry, and interactions with the human host.
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CHAPTER ONE

Clinical and Molecular Perspectives of the Rhinovirus and an Overview of Airway Biology



This introductory chapter is divided into six sections to address the known clinical and molecular
perspectives of the rhinovirus (RV) and how they interact with the human host. The first section includes
clinical concepts relating RV to viral upper respiratory tract infections (URTIs) and the common cold, and
brings attention to multiple patient populations that are predisposed to more severe respiratory illnesses
caused by RV infection as well as viral factors that contribute to disease variability. In addition, the first
section reviews current and past efforts to develop antiviral pharmaceuticals and homeopathic remedies.
As the bulk of my dissertation focuses on the RV-C species, Section II reviews their discovery, unique
culture methods, and cell entry receptor elucidation. The third section reviews the taxonomy, structure,
and molecular biology of the RV, while Section IV summarizes the research methods employed to study
RV. Section V provides background information about the anatomy, physiology, and immunology of the
airways with respect to RV infection, and the final section serves as a summary of this information and

how it relates to my dissertation.

RHINOVIRUS CLINICAL REVIEW

The Common Cold

The common cold is a self-limiting infection of the upper respiratory tract (URTI) that has been
recently defined as an acute viral rhinosinusitis with symptoms lasting less than ten days!. While these
viral infections normally produce only cold symptoms, children, the elderly, the immunosuppressed, and
those with asthma, COPD, or cystic fibrosis are predisposed to lower respiratory illnesses including
wheezing, asthma exacerbations, respiratory distress, and secondary bacterial pneumonia that can result in

0

hospitalization’!°. URTIs affect adults 1-3 times per year on average, while children are affected more

frequently (6-8) making the common cold the most frequent acute infectious illness!!™!3

. There is a long
list of viruses that are known to cause the common cold, including respiratory syncytial virus (RSV),

influenza virus, parainfluenza virus (PIV), coronaviruses, adenoviruses, Coxsackieviruses, echoviruses,



human bocavirus (HBoV), Epstein-Barr virus (EBV), and human metapnumovirus (hMPV)'4. However,
the rhinovirus (RV), which is composed of three species (A-C), is by far the most common cause, and has

been detected in up to 80% of cases in epidemiologic studies'>!.

In the US, the common cold stretches from early fall to spring, with peak RV infection incidence
in the fall and spring, and a smaller peak in the summer months'’. The reasons for these peaks are
multifactorial, and likely related to close contact of school-age children in the fall and spring. While
many other viruses (coronavirus, influenza virus, RSV, adenovirus, and HBoV) are more common in the
winter, the increased cold incidence relative to the summer months is likely due to increased time spent
indoors allowing for increased contact with sick individuals and dry indoor climate, increasing the

environmental half-life of most viral capsids!®.

RV and High Risk-Populations

Some patient populations are at risk for more severe illness following a RV infection. These
populations include young children, the elderly, those with asthma, COPD, or cystic fibrosis, and the

immunocompromised.

RYV infection is known to produce a range of symptoms in children from asymptomatic infections
to lower respiratory illnesses, the latter being more frequent in children with chronic respiratory and
immunological disorders'®. One out of every ten school-age children is diagnosed with asthma in the US,
and 80% of 9-11 year-olds presenting to the emergency department for asthma exacerbations or wheezing
tested positive for a respiratory virus in one study>?. The study further determined that 65% of these
children had detectable RV infection. RV is a well-established cause of acute exacerbations of asthma in
all age groups. While it is important to note that there are no asthma-related differences in susceptibility

to RV or frequency of URTI, asthma is associated with a higher frequency of RV LRTIs”2!.

Birth cohort studies suggest that RV may also contribute to the initiation of asthma. One study

that followed children prospectively from birth to six years of age found that children who wheeze in the



first few years of life have an increased likelihood of asthma development when they are older, and
further identified RV-induced wheeze to be the strongest predictor for asthma development later in life
when compared to other viral causes of wheeze??. The strong correlation between early RV infections
and the development of asthma later in life suggests a causal link between the two. It is unclear exactly
why RV produces much more severe illness in children than adults, but it is likely multifactorial. One
possibility is that infants and young children have relatively weak interferon responses, and may be biased
towards type-2 cytokine responses that are linked to the development of atopy and allergic diseases**,
The weaker interferon responses in blood or airway cells have been related to more severe RV illnesses in

some translational studies. Other factors likely include the lack of immunologic memory to multiple

genotypes of RV in babies, and contact with many sick children in day care or school.

Multiple studies have demonstrated the influence of respiratory viral infection on acute
exacerbations of COPD (AECOPD) and cystic fibrosis®>’.  Analysis of nasal lavage fluid,
nasopharyngeal swab, and induced sputum specimens indicated that respiratory viruses are the most
common cause of AECOPD, with RV being the most common inciting pathogen. While RV is the
commonly associated virus in virus-induced respiratory exacerbations of CF patients, it was not

2930 However, a

associated with decreased pulmonary function as observed with other respiratory viruses
recent study identified an association with RV-C and respiratory exacerbations in Brazilian children with

CF, that was not observed with the RV-A or B species®'.

RV can also cause lower respiratory symptoms in immunocompromised patients. As an example,
one retrospective chart review of patients on immunosuppressive therapy for malignancy, HIV infection,
or theumatologic conditions or who were recipients of solid organ or hematopoietic stem cell transplants
found that RV infection produces symptoms equivalent to pandemic HIN1 influenza®?. In this study,
symptoms were severe, including fever (50%), diarrhea (10%), and vomiting (8%), increased chest x-ray
abnormalities (50%), and elevated liver function tests. Furthermore, more than one out of every ten RV-

infected patients were admitted to the ICU, and four out of ten were hospitalized.



In summary, while RV usually causes a mild and self-limiting illness in the general population,

infections can have severe and even life-threatening consequences for multiple at-risk populations.

Species Effects on Severity of Iliness

The advent of molecular methods to detect and differentiate RV species in clinical samples made

it clear that RV species plays a critical role in determining illness severity>>—

. In support of this concept,
a study of 259 Wisconsin infants predisposed to allergic sensitization or asthma revealed that the severity
of illness during the first year of life was much higher for those infected with RV species A and C than
for B, with the most severe symptoms having been experienced with the C species*!. A more recent study
involving children presenting to the Emergency and Urgent Care Departments at Seattle Children’s
Hospital for both mild upper respiratory tract and more severe lower tract illnesses showed that RV-A and
C were detected in 63% and 34% of nasal swabs, respectively, while RV-B was only detected in 3%*.
This study also demonstrated that lower respiratory tract infection (LRTI) was found more commonly in
children infected with RV-C than the other species, and that RV genotype influences LRTI severity.
Another study that analyzed children presenting with acute respiratory diseases (ARDs) noted that RV-C
was significantly associated with wheezing, signifying involvement of the lower airways**. RV caused
LRTIs in 80% of premature infants in another study, and RV-C was the most commonly implicated and
associated with the highest cost of respiratory care**. In 2-16 year-olds with asthma, RV-C was the most
frequently detected respiratory virus during acute asthma exacerbations, and was also associated with

more severe asthma®®. Furthermore, the RV-A and C appear to instigate the most severe upper and lower

respiratory tract symptoms in infants and children under 5 years of age®*!.

Thus, it is generally understood that the RV-A and C species cause much more severe infections
and asthma symptoms than RV-B. The mechanisms for these differences in virulence are likely to be
multifactorial, and may relate to differences in how RV species interact with the host, environment, and

other pathogens. For example, an in vitro study of RV infection of airway epithelial cells (AECs)



demonstrated the highest cytotoxicity, release of inflammatory cytokines, and viral replication following
inoculation with isolates of the RV-A and C species, indicating that these viruses cause more direct
cellular damage than isolates from the RV-B*. The RV 2A protease (2AP®) has been implicated in the
destruction of a number of host cell processes, and is highly divergent in sequence, molecular target, and
kinetics*2. Analysis of 2AP™s from multiple isolates of the three RV species revealed a slower cleavage
rate of el[F4G from the RV-B 2AP™s compared to those from the RV-A or C. Because the RV 2AP® is
responsible for shutoff of host transcript translation and inhibition of nuclear export, the slower RV-B
proteases may inhibit translation in infected cells less efficiently, thus allowing for quicker clearance and

less profoundly infected tissues.

Furthermore, receptor specificity differences between different RV types may play a role in
infection severity. For example, inflammation can lead to the upregulation of ICAM-1, which is the
major group RV receptor, thus there may be a heightened likelihood of major group RV binding and entry
in chronically inflamed airways®™. Because the cellular receptor for the RV-C was only recently
discovered, similar studies into RV-C receptor regulation are lacking’. That being said, in Chapter 3, we
describe the first evidence that the RV-C may have a slightly altered set of target tissues, likely due to
restriction of cell-entry receptor expression, which may play a role in species-specific severity. Further
study is needed to determine what controls the presentation of RV-C cell entry factors, the downstream

consequences of RV-C binding to its receptor, and how it affects illness severity.

RV Transmission

RV transmission has been documented through direct contact between people or with fomites, as

5356 Viral deposition on the hands and fingers can inoculate the eyes

well as through the aerosol route
(conjunctival epithelium) or the nose (intranasal epithelium)?’. Viral shedding typically initiates around

12-24 hours-post-inoculation (hpi), peaks at 48-72hpi, and can last for 3-7 days in adults, or longer in



58-60

young children or immunocompromised individuals’®*°. Peak viral prevalence in the fall and spring are

likely a result of close contact between infected children returning to school.

Antivirals

Vaccine therapy has remained elusive for the RV due to vast immunogenic diversity between the

6162 Therefore, research has focused on the development of antivirals

>160 genotypes of known isolates
that bind the viral capsid, inhibit viral proteases, or modulate the inflammatory response. Other

approaches include nutritional compounds such as zinc and vitamin C, and treatment with intranasal or

inhaled interferons.

Capsid-binding agents slip in through a pore in the RV capsid, displacing a putative lipid pocket
factor, and prevent the virion from undergoing important conformational changes required for cell
binding, entry and genome delivery. An example of this class of antivirals is pleconaril, which in two
phase III clinical trials produced a one-day reduction in RV illness duration as well as a significant
decrease in symptom burden, but it was not approved for safe use by the FDA due to interactions with

63-66

hormonal contraception and HIV antivirals Another capsid-binding agent, vapendavir, has a similar

mechanism of action and significantly reduced the incidence of RV and peak viral load in a phase Ila

clinical trial'®¢’

. Pirodavir, used as an intranasal spray, showed promising reduction in viral replication
and shedding, but did not reduce the duration or severity of symptoms in phase III clinical trials and was
thus discontinued®®’. No clinical data testing the efficacy of capsid-binding agents on the RV-C have
been published, however, molecular modeling studies and in vitro data suggest that efficacy against RV-C

is unlikely’74.

The 3C protease inhibitor, Rupintrivir, inhibits 3C proteases from a wide range of RVs and
enteroviruses (EVs)”>7. In a phase II clinical trial, Rupintrivir was well tolerated and reduced viral loads
and respiratory symptom burdens, but did not reduce the frequency of colds”’. However, Rupintrivir did

not significantly reduce viral loads and symptom severity in trials of natural infection and was thus



t78

terminated from clinical development’®. Interestingly, Rupintrivir is effective against RV-C15 and EV-71

in vitro, possibly indicating clinical utility of this approach for all three RV species’*.

Tremacamra, a soluble ICAM-1 receptor, did not reduce the incidence of RV infection in a
placebo-controlled trial of experimental RV-A39 infection, but did reduce symptom severity®!.
Unfortunately, Tremacamra was not pursued due to the high cost of production and an impractical
administration regimen, as well as a likely inability to inhibit RV-C infection. Finally, Enviroxime, a
promising small molecule that may inhibit components of the RV replication complex, was proven

clinically ineffective in multiple placebo-controlled clinical trials®*-¢,

Interferons (IFN) have antiviral, antiproliferative, and immunological effects and have been
pursued for RV prophylaxis and treatment in multiple studies®*2. While intranasal IFN-alpha 2b therapy
was effective when administered prophylactically, there was no decrease in respiratory illness or severity
when administered during or after RV infection. Furthermore, studies indicated that IFN alpha 2b therapy
caused increased symptom burdens and intranasal bleeding, consequently this approach was abandoned.
Promising initial studies using intranasal prophylactic administration of IFN-beta showed equivalent
symptom burdens between experimental and placebo-controlled groups, and a significant reduction in the
frequency of colds in the experimental group®. However, larger placebo-controlled clinical trials using
IFN-beta for RV therapy were associated with nasal toxicity®®. Interestingly, a recent trial of inhaled IFN-
beta in asthmatics with natural respiratory virus infections indicated a significant reduction in the
frequency of exacerbations for patients with severe asthma, suggesting that inhaled [FN-beta may prove

to be a useful treatment for virus-induced exacerbations of asthma in this patient population®.

Many clinical trials have been conducted to test nutritional supplementation to treat or prevent
cold, with results that range from limited to no efficacy. Zinc has been evaluated for activity against RV
for decades, and can inhibit viral replication in vitro, block RV binding to ICAM-1, alter configuration of

capsid proteins thus preventing their subsequent proteolysis, directly inhibit RV proteases, and decrease



histamine release®®!'®. Multiple clinical trials and systematic reviews indicated that zinc supplementation
within 24 hours of cold onset was associated with decreased duration of illness, but presented contrasting

effects on reduction of symptoms!?:192,

One promising study indicated that long-term zinc
supplementation reduced the incidence of colds, sick days, and antibiotic prescriptions in school-age
children'®. In contrast to oral zinc, topical zinc has significant toxicity in olfactory epithelium, and the
resulting anosmia outweighs the benefit of small reductions in cold severity and length for many affected

people!'™.

Echinacea has been a popular herbal remedy for the treatment of the common cold for many

105,106 However,

years, and was initially touted for its ability to reduce cold length and symptom severity
large clinical or experimental studies of Echinacea have failed to document efficacy'”"!"!. Vitamin C,
which protects against oxidative stress, has been tested repeatedly for prevention and treatment of the
common cold since 1942'°. A meta-analysis of 29 placebo-controlled trials investigating the efficacy of
0.2 g per day of vitamin C in the augmentation and prevention of the common cold indicated no
significant effects in the general population!!2, However, the authors noted a slight benefit of vitamin C
supplementation in the reduction of cold illness length and severity in people exposed to brief periods of
“severe physical exercise.” Similarly, culturing human bronchial epithelial cells (HBECs) with vitamin D
indicated an influence on chemokine synthesis and alteration of cell growth and differentiation, but no

3

effect on RV replication in vitro'"®. First-generation antihistamines, but not non-sedative antihistamines,

have been shown to significantly reduce sneezing and rhinorrhea in placebo-controlled trials of
experimental RV infection, but did not significantly reduce illness severity or duration''*!16,

Furthermore, the added side effects of dry eyes, nose, and mouth, and drowsiness limit their clinical

practicality, and they are not recommended for treatment of colds in children®.
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THE RV-C: THEIR DISCOVERY, METHODS OF CULTURE, AND CELL ENTRY

RECEPTOR.

RV-C Discovery

Historically, inoculation of tissue cultures was the gold standard for the identification of
respiratory viruses, with fibroblast and HeLa cell lines primarily used for RV identification'!”!'8, The
major limitation with the tissue culture approach in virus identification is sensitivity, in that some viruses
are very difficult to culture. The first evidence of RV-C, which was unable to grow under standard
diagnostic culture conditions, was in Queensland, Australia, where molecular detection of virus in sputum
samples from children presenting with acute respiratory exacerbations in the Brisbane respiratory virus
research study revealed an unknown RV!'Y, Furthermore, in 2004, a high incidence of influenza-
negative (by molecular methods), and other respiratory virus-negative (by culture methods), influenza-
like illnesses struck New York State that led investigators to suspect a non-cultivable pathogen'2%!2!,
Reanalysis of mucus samples from this New York outbreak by PCR resulted in the identification of

multiple isolates of RV-C, making it clear that this virus was wide-spread!!*123,

Culture Methods

The inability to grow RV-C in standard tissue culture systems prevented its in-depth investigation
for a number of years. In 2011, Bochkov et al reverse engineered RV-C sequences from clinical isolates
that produced functional virions following transfection of Wis.L and HeLa cell monolayers with in vitro-
transcribed VRNA’?. These RV-C virions were also capable of infecting and replicating in sinus organ
cultures, and were later shown to infect and replicate in bronchial and sinus cultures differentiated in vitro

d’#73124 " The use of organ and ALI cultures enabled initial

by the air-liquid-interface culture metho
studies and characterization of the virus. These initial culture systems were limited by multiple logistical

issues involving the following: sample acquisition from sinus or lung transplant surgery, a minimum of

four weeks of culture preparation prior to the development of susceptible epithelial cultures, and the low
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frequency of susceptible cells (~1.5%) within heterogeneous tissue samples and ALI cultures. It became
clear that a susceptible immortalized cell line was needed to expedite molecular RV-C research, and in

order to determine, or engineer a suitable line, a cell-entry receptor had to be found.

RV-C Cell Entry Receptor (Cadherin-related family member 3)

Since the discovery of the RV-C, basic molecular studies have focused on receptor and antiviral
identification. Genome analysis made it clear that large spans of nucleotide insertions and deletions likely
altered the RV-C capsid structure significantly from the RV-A and B°"%2, Molecular models of the RV-
C15 capsid based on genetic analyses demonstrated that there was a loss of mass in VP1 which results in
a “shaved” topology at the 5-fold axis of symmetry and a less-pronounced receptor-binding canyon
compared to known RV-A and B structures'?. The evidence for a significantly different capsid structure
combined with an inability to grow in standard tissue cultures unless viral genomic RNA (VRNA) was
transfected into the cell supported the hypothesis that the RV-C bind and/or enter the cell via a different
mechanism than the RV-A and B. Whole transcriptome analysis used to compare susceptible airway
epithelial and organ cultures to nonsusceptible cultures revealed a list of receptor candidates that were
highly expressed in permissive tissues**. Experimental transfection of HeLa cells with receptor
candidates followed by inoculation with RV-C15 genetically engineered to express GFP during
replication (C15-GFP) led to the identification of cadherin related family member 3 (CDHR3) as a factor

permitting low-level RV-C entry and replication.

Interestingly, a variant allele of CDHR3, notable for a C529Y mutation in the protein’s fifth
extracellular domain (out of six), was recently identified as a strong asthma susceptibility determinant!%,
In early 2014, a Danish group performed a genome-wide association study (GWAS) to identify any genes
that played a role in recurrent, severe asthma exacerbations in children 2-6 years of age!*. The authors
identified a single-nucleotide polymorphism of CDHR3 that was associated with severe and recurrent

asthma exacerbations in young children. In fact, the asthma-associated polymorphism caused a
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phenotype of increased surface presentation of CDHR3 compared to the wild type allele. Accordingly,
transfection of the CDHR3cs29y allele into HeLa cells followed by C15-GFP inoculation resulted in

robust, multi-cycle C15-GFP replication®*.

The identification of CDHR3¢s29v as a RV-C entry factor for normally non-permissive cells led to
the generation of a HeLa cell line that overexpresses this allele of CDHR3, which represents an important
advance for conducting molecular studies of the RV-C. While it is clear that CDHR3 is necessary for
RV-C entry, low levels of binding to normal HeLa cells indicate that other factors may also contribute to
RV-C binding and entry into the host cell**. Regardless, the combined discoveries that a variant allele of
CDHR3 is an asthma susceptibility determinant and that CDHR3 contributes to RV-C binding and entry
into the host epithelium establishes a mechanistic, and possibly causal, link between RV-C infections and

the subsequent development of asthma in children.

RV MOLECULAR BIOLOGY

Taxonomy

Rhinoviruses are members of the enterovirus genus and picornavirus family, and consist of three
species (A-C)'. Rhinoviruses, like other picornaviruses, are small (capsid diameter 27-30nm), non-
enveloped, positive-sense, single-stranded RNA viruses with ~7.2kb genomes'?’. Polioviruses, which are
closely-related members of the enterovirus genus, have been studied extensively at the molecular level
and much RV molecular biology is based upon initial work with polioviruses.

Capsid Structure

The RV capsid is icosahedral with pseudo-T3 symmetry consisting of 60 subunits each of
the viral capsid proteins VP1-4, and serves the important functions of VRNA storage and transport
between hosts and through the environment, cell entry, and immune evasion'?s, While VP1-3 have a

molecular weight of ~ 32kDa and makeup the external face of the viral capsid, VP4 is only 5kDa and is
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located beneath the other subunits, unexposed to the external environment prior to cell entry, and plays a
crucial role in RNA transport during cell entry'?’. In each subunit, VP1-3 interact to form a wedge-
shaped, beta-barrel motif, known as the jelly-roll fold, created by 8 antiparallel beta-strands, and is

127 Cell entry occurs via interactions between the host receptor

commonly seen in viral capsid subunits
and canyons (depressions) within the viral capsid'?’. Antibodies that neutralize viral entry tend to bind
within or near the canyon, thus preventing interactions with cellular receptors'*’. In order to prevent
neutralization, RV has evolved a highly structured, “mountainous” capsid that makes it difficult for the
immune system to raise antibodies to receptor binding sites tucked within narrow canyons!3h!32,
Additionally, like many RNA viruses, RV encodes a low-fidelity RNA-dependent RNA polymerase
(RDRP) that promotes the generation of a quasispecies of viruses with slightly dissimilar features,
including capsid sequences that assist in evasion of host adaptive immune responses'>!.

In comparing all known RV capsid sequences, three large deletions were identified in the VP1
capsid subunit of the RV-C that likely affect immunogenicity and receptor binding sites®*2. Modeling of
the RV-C capsid further indicated a significantly different drug-binding pocket structure, and the pore that
which exists in the RV-A and RV-B that is utilized by capsid binding agents is predicted to be closed in
RV-C. This modeling predicts that the RV-C cannot be similarly inactivated by capsid-binding drugs
developed for the RV-A and B, such as pleconaril, and in fact this has been demonstrated in tissue
culture”'. Thus, capsids within and between RV species are highly variable, and serve the functions of
immune and antiviral evasion, as well as genomic VRNA storage and delivery.

Cell Entry

Cell entry for RV-A or RV-B is initiated by binding of a cellular receptor within the capsid
canyon, and is mediated by either clathrin-dependent or independent endocytosis!*>. Known RV cell
entry receptors include intercellular adhesion molecule-1 (ICAM-1), low-density lipoprotein receptor
(LDLR), and cadherin-related family member 3 (CDHR3) for the major and minor groups, and RV-C

species, respectively®*!*+135 For RV-A and RV-B, capsid interaction with the host receptor induces a

conformational change in the VP1 and VP2 subunits that allows for the amphipathic helices of VPI1 to
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interact with the endosomal membrane, and the VP2 subunits to reveal a pore large enough for the

136-141

passage of ssRNA at the 2-fold axis of symmetry . These conformational changes convert the virion
into what is known as an A-particle, and is associated with the release of the hydrophobic, N-
myristoylated VP4 subunit from deep within the capsid'4!-14313%144 VP4 then likely destabilizes the
endocytic membrane, promoting the formation of pores that allow viral genomic RNA entry into the host

138,141,145-149

cell cytoplasm Some RV genotypes also require or may only require a shift towards low pH

to initiate uncoating'3*147:150-157,

It was generally believed that the 5’-tail was extracted from the viral
capsid by ribosomal scanning in the 5’ to 3’ direction, in an energetically favorable reaction, but recent
structural and mechanistic studies have revealed that it is actually the 3° genomic end that first exits the
capsid! 3314915
Genome Structure

The RV genome is a ~7.2kb RNA molecule, including a VPg protein covalently linked at the 5°-

162

end and terminating at the 3’-end with a poly(A) tail’**'%2, Unlike mRNA, the viral genome lacks a 5’
cap, and does not use cap-dependent translation—which is inhibited by cleavage from viral proteases—
but rather initiates translation of the polyprotein via an RNA structural element, the internal ribosomal

166 Following ribosomal

entry site (IRES), located upstream of the main open reading frame (ORF)'®*-
and translation initiation factor recruitment to the IRES, translation of the viral polyprotein begins.
Polyprotein Translation and Cleavage

The entire RV ORF is translated en bloc in the form of an ~2.2K amino acid polyprotein that self-
cleaves (in cis) throughout translation (Figure 1-1)'*’. The polyprotein is divided into three main
sections—P1, P2, and P3—which are formed by cleavage in cis by proteases within the nascent
polyprotein. The first subunit, P1, is cleaved following the translation of 2A protease (2AP™, just 3’ to the
VP1 sequence), and is the structural region, consisting of the RV capsid proteins in the following order:
VP4, VP2, VP3, and VP1. Following translation of complete 2AP™ through 3CP®, 3CDP™ cleaves the

junction between 2C and 3A, producing the P2 and eventually P3 nonstructural regions. 3CDP™ then

cleaves multiple junctions, including VPO/VP3, VP3/VP2, 2Ar*/2B, 2B/2C, 3A/3B, and 3B/3C.



15

Figure 1-1.
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Figure 1-1. RV polyprotein cleavage map. Translation of the viral genome, which is initiated by a small
VPg priming protein joined to the 5’-UTR containing the internal ribosomal entry site (IRES) and ends at
the 3’-UTR with a polyadenylated tail, leads to the generation of a ~2.2kb polyprotein from a single open
reading frame (ORF) that is processed by consecutive cleavage of viral proteases. P1 cleavage generates
the viral capsid proteins, while cleavage of P2 and P3 generate VPg, viral proteases, and the RNA-

dependent RNA polymerase (RDRP).
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Interestingly, the mechanism involving the maturation cleavage of VPO to form VP4 and VP2 is
unknown, but is generally believed to be an autocatalytic process!®*172,
Replication, Assembly, and Egress

173-177 ~ Cleavage of the viral

Picornavirus replication occurs on the membrane surfaces of vesicles
3B protein produces VPg, which binds a hairpin in the 3’-untranslated region (UTR) of the viral genome
and is uridylated by the viral 3D subunit of 3CD!'7%!7°, Uridylation favors replication initiation of the
viral negative-sense RNA genome through interactions with the poly-A tail, and cleavage of 3CD
produces 3D which serves as the processive viral RNA-dependent RNA Polymerase (RDRP) at the 3’-
UTR!"'8! " This initial process leads to the synthesis of the negative genomic strand, which in turn serves
as a template for the synthesis of multiple positive-sense VRNA genomes that can subsequently serve as
templates for translation or replication, or be encapsidated once enough capsid proteins have been
synthesized and assembled!””. Cellular egress is generally believed to occur by cell lysis or an as-of-yet
unidentified mechanism that may involve pathways more commonly associated with autophagy'®>!%3,

RV Evasion of Host Immunity

RV has evolved multiple methods of evading host antiviral responses including, but likely not
limited to, genetically diverse capsid structural elements that prevent antibodies from blocking receptor
binding sites, a low fidelity RDRP that promotes genetic diversity, proteolytic cleavage of multiple host
cell proteins, disruption of cell death and signaling pathways, and the use of RNA sequence motifs that
allow the virus to usurp host translational machinery and inhibit recognition by the host. As described
previously, the low-fidelity RDRP allows for the production of a quasispecies of RV throughout the
course of infection, promoting escape from host adaptive immune responses by allowing genetic drift to
alter antigenic capsid motifs'*"!8°, The proteolytic cleavage activities of the viral 2AP™® and 3CP™ have
been well studied and play a central role in the dampening of the host response to RV infection. 2AP™ has
been shown to cleave elF4G shortly after its own translation, as well as nuclear pore proteins (Nups), thus

halting translation and the nuclear import and export of many cellular proteins and mRNA3-134-186,

Furthermore, the activity of 2AP™ has been correlated with RV disease severity, with the most pathogenic
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genotypes (RV-A and C) possessing proteases with high cleavage kinetics on multiple Nups>2. The 3CP™
has been shown to localize to the nucleus and inhibit eukaryotic RNA polymerases I, II, and III, thus

187-190

preventing the synthesis of cellular mRNA in this location The 2B and 3A viral proteins also

inhibit antiviral function of the host cell by inhibiting apoptosis and disrupting ER and Golgi trafficking,

respectively!?! 14,

RESEARCH METHODS & ADVANCES

Model Organisms

As humans are the only known reservoir for RV, there are no other natural animal models to
study infection. Rodent models for specific genotypes of RV have been developed with some limitations.
Blanco et al, noted that intranasal infection of the Cotton Rat (Sigmodon hispidus) with the major-type
RV-16 but not the minor type RV-1B resulted in epithelial degeneration in the trachea and large airways,
mild neutrophilic and histiocytic alveolitis, peribronchial infiltrates of neutrophils, macrophages, and
lymphocytes, and mucous cell hypertrophy and hyperplasia!®®. Infectious RV-A16 was recovered up to 1
day post inoculation (p.i.) from the nose and trachea, and up to 2 days p.i. from the lung in the cotton rat

model.

Bartlett et a/ in 2008 developed a transgenic mouse model that expresses human ICAM-1 and
characterized the infection with RV-1B and RV-A16'*. While an increase in BAL neutrophilia and
lymphocytosis, Muc5B secretion, and viral RNA levels were promising indicators of viral-induced lung
pathology, viral infections steeply declined from 12-24h, thus the model is of limited usefulness for

studying effects on viral replication'?.

Another group used an OV A-sensitized mouse model of allergic
airways disease and RV-1B (minor group, capable of growing in mouse cells in vitro) infection, and

observed increased airway hyperresponsiveness, neutrophilia, and Th2 cytokine release in sensitized

mice!”’. More recently, a mouse model of RV-induced exacerbation of COPD was developed that
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involves the pretreatment of mice with elastase followed by inoculation with RV-1B, and led to airway
neutrophilia and lymphocytic inflammation, the increased expression of TNF-alpha, CXCL-10, and other

inflammatory cytokines, mucus hypersecretion, and increased airway hyperresponsiveness'”®.

There are no animal models for RV-C infection at present. However, the identification of CDHR3
as a cell entry factor for the RV-C will likely allow for the identification or engineering of animal models

for this RV species.

Tissue Culture Systems

RV-A and B were discovered in the 1950s using culture-based techniques, while the first
RV-C types were discovered in 2006 with molecular techniques because they do not grow in standard

culture systems''®121199,

The standard cell lines used to culture RV include HeLa cells and fetal lung
fibroblasts (WI38, MRCS5 and Wis.L). Growth of RV-A (both major and minor types) and RV-B on these
cells were permitted due to the high expression of the two receptors ([(CAM-1 and LDL-R) that bind the

152 A recent study has shown that these lines express little or

major and minor type viruses respectively
no CDHR3, which is the only known RV-C cell entry factor™.

Due to the lack of a standardized cell line permissive to infection with the RV-C, the gold
standard for RV study has been the in vitro air-liquid interface (ALI) culture method using either sinus or

bronchial tissue from human donors’"4,

The ALI culture technique involves the acquisition of
respiratory tissues (usually tracheal, bronchial, or sinus tissues), enzymatically stripping them of their
epithelial cells, and dedifferentiating the stripped cells to grow in a monolayer in vitro. In order to
differentiate respiratory stem cell cultures into pseudostratified respiratory epithelium, cells are grown on
a semi-permeable membrane exposed to differentiation media on the basal surface and air on the apical
surface. Over the course of ~30 days, the monolayer differentiates into respiratory epithelium and is
susceptible to RV-C infection similarly to RV-A16">7*, These cultures closely resemble respiratory

epithelium, and are composed mainly of ciliated, secretory, and basal cells’>74.
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Protocols Used to Purify Rhinovirus

As with all proteins and compounds, the first step to determining structure and function is to obtain a
pure form of the substance of interest. Viral capsid purification has been practiced since the 1920s, and
the first protocols to purify picornaviruses were published in the 1950s2%2%!, Picornavirus purification is
necessary for multiple research purposes including structural determination by x-ray crystallography and
cryo-electron microscopy, development of antibody reagents and vaccines (both attenuated and
inactivated), modeling of capsid-binding antivirals, and elucidation of immune responses to viral

components*-202-206,

Standard RV purification protocols were based on those developed for the
cardioviruses in the early 80s, and involves high speed centrifugation of infectious HeLa or Wis.L cell
lysates through a 30% sucrose cushion??’-17029%8210 " Through the course of centrifugation, only small
particles with a density greater than ~1.127 g/cm?® (the density of 30% sucrose) will pass to the bottom of

the ultracentrifuge tube, leaving the majority of cell lysate contents behind®’. Furthermore, sucrose

gradients have been employed for high-resolution focusing of particles with similar densities?!!.

While the purification protocols optimized for the RV-A and B worked well to purify the RV-C15
clinical isolate, marked loss in viral yield and infectivity was consistently observed when the protocol was
applied to other genotypes of RV-C (e.g. C41 and (C2)*170208210212 " Ap inability to robustly purify
multiple genotypes of the RV-C coupled with the limitations of the primary airway epithelial cell tissue
culture system inhibited RV-C molecular research. These limitations provided the rationale for
conducting experiments to determine a robust and efficient mechanism for growth and purification of all

isolates of the RV-C species, and the results of these studies are described in Chapter 222,
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AIRWAY EPITHELIAL CELL BIOLOGY

Structure and Function of the Human Airways

The airways are divided anatomically into upper (nasal cavity, pharynx, and larynx) and lower
(trachea, bronchi, bronchioles, terminal bronchioles, and alveoli) at the sternal angle, and are further

organized into functionally distinct units, each with distinct epithelia®!?

. The nasal cavity and proximal
trachea are exposed to the greatest concentrations of inhaled particles, pathogens, pollutants, and
acroallergens. Thus, barrier function is well developed in the upper airways which are lined with thick,
highly-ciliated, pseudostratified columnar epithelium with goblet cells (respiratory epithelium). The
combination of ciliated epithelium and airway fluids and mucins provide a functional barrier by sweeping
inhaled particles out of the airways via mucociliary transport?'3. The epithelium is firmly anchored by the
basement membrane (BM), which is required for epithelial adhesion, maintenance of correct cell polarity,
preservation of a selective barrier between the surface and underlying mesenchymal compartments, and

the relay of essential survival signals to the epithelium?!4-2!6,

Basal cells form tight integrin-mediated attachments to the BM in the form of

hemidesmosomes?!’

. They are highly abundant in the large airways and decrease in frequency more
distally, and are the only respiratory epithelial cell type that does not reach the apical surface?'’!°, Basal
cells can self-renew and differentiate into ciliated and secretory epithelial cells in response to injury, and
also secrete multiple bioactive compounds including neutral endopeptidase, 15-lipoxygenase products,

and cytokines?2%22!,

In between the surface epithelium and cartilage of the trachea through the bronchi are submucosal
glands (SMGs) that secrete mucus (mainly Muc5B) and serous fluids containing antimicrobials (such as
lysozyme, lactoferrin, and lactoperoxidase) that moisten and disinfect the inner lining of the airways?'>.
Similar to the SMGs, goblet cells, located from the proximal trachea (and sinuses) through the terminal

bronchioles, primarily function to secrete a mixture of highly glycosylated mucin proteins (mainly
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Muc5AC) into the airways for the entrapment of foreign objects, such as pathogens, pollutants, and
allergens. They also can self-renew and transdifferentiate during inflammation and wound

218,222,223

healing

Ciliated cells represent over 50% of the epithelial population in human airways, and are mainly
responsible for the coordinated movement of the mucus layer from the airways to the pharynx. These

cells have limited ability to transdifferentiate and mediated wound healing capacity®**22

. Ciliary
clearance and mucus secretion are well-balanced in normal airways, but this equilibrium can be perturbed
by chronic airway inflammation (as in asthma, or COPD) and viral infections that may lead to mucus cell
metaplasia (MCM), epithelial hyperplasia, an increase in airway smooth muscle (ASM) mass, reticular
basement membrane (RBM) thickening, and neovascularization??’2?°, MCM, mediated in vitro by 1L-9
and IL-13 inflammatory cytokines, is defined as the replication of mucus-secreting cells and SMGs along
the airways where they are not normally present, often accompanied by a loss of ciliated cells, the
overproduction of mucus, and epithelial hyperplasia. This combination is known as airway remodeling,

230231 Virus-

and is associated with airway obstruction and hyperresponsiveness to noxious stimuli
induced overproduction of mucus, impaired ciliary transport, and airway hyperresponsiveness are

important contributors to respiratory compromise during acute exacerbations of chronic airways diseases.

The epithelial lining thins in the distal airways, and cell height decreases with smaller airway

diameter. Many cells found in the proximal conducting airways (e.g. secretory cells, SMGs) are replaced

)232.

by smaller, cuboidal cells (e.g. clara, brush cells Clara cells secrete surfactants, antiproteases, and

p450 oxidases that promote proper lung inflation, neutralize allergens and excreted proteases during
inflammation, and metabolize xenobiotic compounds such as aromatic hydrocarbons found in cigarette

221,233,234

smoke . Interestingly, clara cells can self-renew and differentiate into both secretory and ciliated

respiratory epithelial cell types?.
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Finally, at the furthest distal pouches of the airways are the alveoli, which are lined with type 1
(TT) and type II (TII) pneumocytes that are specialized for gas exchange**¢?%7. TI cells cover ~98% of the
internal alveolar surface with thin cytoplasmic extensions and act as the main selective barrier for
diffusion and gas exchange between inhaled air and blood in the lung parenchyma?®. TII cells are much
smaller, cuboidal cells that secrete and reabsorb pulmonary surfactants, and regenerate the alveolar

epithelium following injury?*¢>¥’

. While it is generally believed that cells of the alveoli are not targeted
by any species of RV, there are many other respiratory viruses and bacteria that can infect this

compartment'®23%-241,

Role of the Epithelial Cell during Infection

Along with its barrier and mucociliary transport functions, the respiratory epithelium has a
dynamic role in the control of immunity and regulation of inflammation in response to infection. The
epithelium is the first line of defense exposed to the inhalation of foreign particles or pathogens and thus
expresses a number of pathogen recognition receptors (PRRs), including Toll-like receptors (TLRs) and
retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs)**?. These proteins serve to detect and respond
to unique pathogen-associated molecular patterns (PAMPs) on infectious agents such as bacteria or
viruses?*?.  PAMPs include molecules that are not produced by the host organism, such as
lipopolysaccharide (LPS) or chitin, or that may appear in the wrong host cell compartment, such as
cytoplasmic double-stranded RNA (dsRNA). Using the RV life cycle as an example, RV capsid binding
to the epithelial surface is detected by and activates TLR2?*. Furthermore, the subsequent entry and
initiation of replication in the host cytoplasm leads to the formation of dsRNA replication intermediates
that activate TLR3, leading to downstream activation of inflammatory and antiviral effector genes.
Cytoplasmic proteins such as RIG-I and melanoma differentiation associate gene 5 (MDAS) can also

244-246

recognize viral RNA and further amplify the inflammatory response Some controversy exists

whether or not the endosomal PRRs TLR7 and TLRS play important roles in the detection of RV in

HBECs, but the current consensus suggests they are less important than TLR3 and RLRg**>247-251,
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The activation of PRRs then leads to the downstream expression of proinflammatory cytokines and
type I IFN production. For example, TLR2 activation causes the upregulation of IL-1 beta, IL-6, IL-8,
and TNF-alpha, while the activation of TLR3 leads to the upregulation of IFN-beta in epithelial cells>2.
Proinflammatory cytokines produced this way recruit immune cells to the site of infection, while IFNs
have para-and autocrine functions to signal for the activation of antiviral responses in surrounding cells
and further amplify their own antiviral responses. IFN signaling thus promotes the production of IFN-
stimulated genes (ISGs) which tend to inhibit cellular growth and survival, and require multiple ligands

for activation (such as IFN and cytoplasmic dsRNA)?*,

The need for multiple ligands prior to the activation of ISGs allows uninfected cells to be primed for
oncoming infection by upregulating a subset of these genes, without causing growth arrest or cellular

destruction by activating the full range of antiviral defenses 2.

Furthermore, dendritic cells located in
the basolateral compartment of the epithelium serve as cellular sensors for invading pathogens and will
migrate to regional lymph nodes to promote the activation and differentiation of T and B immune cells in

response to inciting stimuli, thus promoting the activation of cell-mediated and humoral immunity*>*2,

Role of Cadherins in Airway Epithelium

An important function of respiratory epithelium is to maintain an intact barrier between the
submucosa and the airway lumen, and yet allow the selective transport of small molecules and immune
cells between the two compartments. Cadherins and integrins play essential roles in maintaining the
epithelium’s selective barrier and cell polarity as well as coordination of inflammation and immune cell
function. From apical to basal, three main intracellular junction complexes maintain the epithelial barrier.
Tight junctions (TJs) are composed of occludens, claudins, and junctional adhesion molecules (JAMs)
and regulate the paracellular permeability and maintain cell polarity by circumferential membrane
expression of Zona occludens protein 1 (ZO-1)*2%8,  Adherens junctions (AJs) mechanically connect

adjacent cells and initiate the formation and maturation of cell-cell contacts through the expression of
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cadherins®*®. Finally, desmosomes and hemidesmosomes connect cells to each other and to the basement
membrane, respectively using strong non-classical cadherins and integrins that connect the intermediate

filaments of cells providing mechanical support to the entire tissue?! 7223,

The Als, and epithelial cadherin (E-cadherin) in particular, have been closely studied for their
roles in the mediation of inflammation and allergy**®. E-cadherin is a type I cadherin transmembrane
protein, and has five extracellular cadherin repeats (ECRs) in its extracellular domain, and a conserved
HAV tripeptide motif in the most distal ECR*’. The extracellular domain of E-cadherin forms a
homotypic, calcium-dependent trimer for adhesion between epithelial cells, while the cytoplasmic tail
interacts with anchor proteins p120 catenin, beta-catenin, and alpha-catenin which all serve as an interface

with the microtubular network and actin cytoskeleton?¢*2¢!

. Thus, E-cadherin, along with its role in cell-
cell adhesion, participates in a number of cellular functions related to the maintenance of cell-shape,

ciliary motion, intracellular vesicle transport, and cell division/proliferation.

Along with their structural roles, cadherins regulate inflammatory responses and mucosal
immunity both directly and indirectly. For example, E-cadherin expression causes the repression of NF-
kB, a protein complex that is a principal regulator of proinflammatory responses in the airways?¢22%, On
the other hand, the downregulation of E-cadherin inversely leads to the upregulation of NF-kB and other
proinflammatory mediators such as the Th2 signaling molecules chemokine ligand (CCL)-17 and thymic
stromal lymphopoietin protein (TSLP), molecules that are well known to instigate exacerbations of

chronic airway diseases?®2¢6.267

. E-cadherin binds to multiple cells of the innate and adaptive immune
system. For example, E-cadherin is a ligand for the g7 integrin, CD103 found on dendritic cells (DCs),
the majority of CD4+ and CD8+ Tcells, and Tregs, and provides a tolerogenic signal to these cells as well
as assisting in their transmigration through the epithelium to the airway lumen and to sites of
infection?36-2682¢  E-cadherin also binds the killer cell lectin-like receptor 1 (KLRG1), which is expressed

on activated natural killer cells, effector/memory T cells, and Tregs, and provides an immunosuppressive

stimulus to these cells, leading to the inhibition of cytokine release®™.
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While cadherins have been shown to directly damper immune responses through receptor binding, the
proteolysis of cadherins, either by enzymes excreted by transmigrating leukocytes or allergens possessing
proteolytic activity (e.g. dust mite, cockroach, fungi, cat, and pollen), can lead to the loss of epithelial
integrity and an increased permeability of the epithelium to airway allergens and immune cells. The net
result of reduced barrier function is a stressed and activated mucosal phenotype with increased NF-kB

activity?’-277,

As a side note, the activation of a proinflammatory state following proteolytic cleavage
could be an evolutionary tactic to combat parasitic helminth infections, which secrete proteases in order to
invade host tissues?’®. As parasitic worm infections are controlled by Th2-type responses, proteolytic
destruction of cadherins likely plays an integral role in the exacerbation of Th2-type cytokine and cellular
responses in allergic disease. Taken together, it is clear that cadherins play an important role in the

regulation of mucosal immunity and inflammation through maintenance of an intact epithelial barrier,

intracellular signaling, and cross-talk with cells of both the innate and adaptive immune system.

SUMMARY

In summary, RVs are the major pathogen responsible for the most common disease in humans,
the common cold. While most RV infections result in mild illness, young and old patients and those with
chronic airway inflammatory diseases, CF, and immunodeficiencies are predisposed to higher symptom
burdens and respiratory distress. Many studies have demonstrated an increased disease severity with the
RV-C in all of these populations, however there is still very little known about the mechanism by which
the RV-C are able to cause more severe respiratory disease. Many structural and physical characteristics
of the RV-C remain largely unknown, primarily due to their recent discovery and the lack of a robust
method for culture and purification. The development of a robust RV-C growth and purification protocol
would enable detailed studies of structural and molecular characteristics of the viral capsid. Further, even

with the recent discovery of CDHR3, the identity of the cellular target for the RV-C within the epithelium
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is unknown. Understanding the primary cellular tropism of the RV-C is needed to understand additional
mechanisms of RV-C entry, and host-virus interactions that influence the course of infection to produce
mild or severe respiratory illness in different patient populations. These questions provide the rationale
for the two primary goals of this dissertation: 1) develop a more robust growth and purification protocol
for all RV-C genotypes, and 2) to identify the cellular target of the RV-C in respiratory epithelium, and

determine the relationship of CDHR3 expression with RV-C tropism.

Briefly, this dissertation will demonstrate:

1) The standard purification procedures developed for the RV-A and B result in the loss of
infectivity for multiple RV-C genotypes. The disparity is not due to an intrinsic instability of
the RV-C capsid, but is more likely due to more profound aggregative and adhesive forces
between the RV-C capsid and other capsids or materials. A reduction in centrifugal force
with commensurate increase in centrifugation time increases the yield of infectious particles,
presumably by reducing interactions between virus particles and with purification materials.
In conducting these studies, we identified an increased sensitivity to low pH in all RV-C
genotypes examined, and demonstrated an increased capacity for virion production in Wis.L
cells (embryonic fibroblasts).

i) The exclusive cellular target for the RV-C is the ciliated, respiratory epithelial cell. Ciliated
cells express the majority and highest concentrations of CDHR3, the only known cell entry
factor for the RV-C, and infection with RV-C results in diminished CDHR3+ populations as
well as decreased CDHR3 expression in RV-C+ cells. Furthermore, we present preliminary
evidence that RV-C results in cellular shedding, and infects pharyngeal but not palatine

tonsillar epithelium.
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CHAPTER TWO

Production, Purification, and Capsid Stability of Rhinovirus C Types

Adapted from

Theodor F. Griggs, Yury A. Bochkov, Kazuyuki Nakagome, Ann C. Palmenberg, and James E. Gern.

Journal of Virological Methods; June 1, 2015; 217:18-23
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ABSTRACT

The Rhinovirus C (RV-C) were discovered in 2006 and these agents are an important cause of
respiratory morbidity. Little is known about their biology. RV-C15 (C15) can be produced by
transfection of recombinant viral RNA into cells and subsequent purification over a 30% sucrose cushion,
even though yields and infectivity of other RV-C genotypes with this protocol are low. The goal of this
study was to determine whether poor RV-C yields were due to capsid instability, and moreover, to
develop a robust protocol suitable for the purification of many RV-C types. Capsid stability assays
indicated that virions of RV-C41 (refractory to purification) have similar tolerance for osmotic and
temperature stress as RV-A16 (purified readily), although C41 is more sensitive to low pH. Modification
to the purification protocol by removing detergent increased the yield of RV-C. Addition of nonfat dry
milk to the sucrose cushion increased the virus yield but sacrificed purity of the viral suspension.
Analysis of virus distribution following centrifugation indicated that the majority of detectable viral RNA
(VRNA) was found in pellets refractory to resuspension. Reduction of the centrifugal force with
commiserate increase in spin-time improved the recovery of RV-C for both C41 and C2. Transfection of
primary lung fibroblasts (Wis.L cells) followed by a modified purification protocol further improved
yields of infectious C41 and C2. Described herein is a higher-yield purification protocol suitable for RV-
C types refractory to the standard purification procedure. The findings suggest that aggregation-adhesion

problems rather than capsid instability influence RV-C yield during purification.
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INTRODUCTION

Rhinoviruses (RVs), the agents of most common colds, can contribute to more severe illnesses in
susceptible individuals. For example, children, the elderly, the immunosuppressed and those with chronic
respiratory conditions, such as asthma or COPD, are more predisposed to lower respiratory illnesses

resulting in hospitalization *®,

Recent studies have demonstrated that respiratory illness severity is
correlated with the type of RV, and the most severe colds and asthma exacerbations are likely caused by

isolates in the RV-A and C species 34!,

Of the three RV species, the RV-A and B were identified decades ago, while RV-C were only
recently discovered (2006) via molecular techniques ''*!211%  RV-C isolates are unable to grow in
standard immortalized cell lines used to culture other species of RV, because these cells lack the required
cellular receptor. Sequence analysis and molecular modeling has made it clear the RV-C have large
capsid protein alterations that are associated with receptor specificity '2°. The inability to grow RV-C in
standard tissue culture initially prevented a detailed investigation of these isolates, until Bochkov et al
developed a reverse genetics system for RV-C15 (C15) that produced functional virions after transfection
of RNA synthesized in vitro into cell monolayers 2. The resultant C15 material was successfully purified

using centrifugation through sucrose cushions and related protocols developed for the A and B viruses

170,208-210

While this protocol worked well for C15, a marked loss in viral yield and infectivity was consistently
observed when the protocol was applied to other C genotypes (e.g. C41 and C2) *. To date, obtaining
high yields of RV-C other than C15 has been problematic because of technical difficulties in virus
recovery procedures. Large stocks of purified RV-C are needed for structure determinations, monoclonal

antibody production, immunological studies, and other RV-C investigations 4¢127:27%,

The hypothesis that some C types may have unstable capsid structures that cause apparent low viral

yields following standard purification procedures is tested here. The data do not support this idea, and
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instead led to a revised purification protocol, reducing virion aggregation, that results in higher viral
yields. Virions isolated in this fashion retain infectivity for primary cultures of differentiated airway

epithelial cells.
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MATERIALS & METHODS

Viruses: RV-A16, C2, C15, and C41 samples from clinical isolates were cloned into cDNA, followed by
linearization, in vitro transcription into infectious RNA (RiboMAX™ Large Scale RNA Production
System-T7, Promega, Madison, WI), and transfection into HeLa or Wis.L (fetal lung fibroblast) cells
(Lipofectamine® 2000 transfection reagent, Life Technologies, Grand Island, NY) as previously

described 46,72,208,210

Cell Culture: HeLa (ATCC CRL-1958) and Wis.L cells were grown in monolayers as previously

described %72,

All experiments utilized HeLa cells for virus production, unless otherwise specified.
Primary human bronchial epithelial cells (HBECs) were extracted from surgical specimens provided by
the University of Wisconsin Department of Surgery, Division of Transplantation and grown by the air-
liquid interface (ALI) culture method as described previously >4, HBEC ALI cultures were inoculated

with ~10° units of purified virions (PCR genome equivalents) per well or with BEGM (Lonza) alone for

infectivity assay.

Solutions: Stock solutions of 50X 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
were prepared by adding dry HEPES (Sigma) to a final concentration of 1.25M in DPBS, and adjusting
the pH to 7.3-7.4. Sucrose (30% w/v, pH 7.1-7.2) was prepared in DPBS and 2% (v/v) 50X HEPES.
Stocks of 0.1M citric acid and 0.2M Na,HPO, were prepared and then mixed in required combinations

(Table 2-1) to attain pH 5.5 — 7.0.

Rhinovirus C Concentration, Revised Protocol: All steps of this procedure were performed in a
laminar flow hood using sterile cell culture material and solutions. 24 hours post transfection of Wis.L
cells, T-75 flasks were removed from incubator and 200ul of 50X HEPES was added per 10mL of media
in each flask. Flasks were incubated at -80°C for 20min, and then at room temperature for 30min or at
37°C for 15min (until cultures were thawed fully). This cycle was repeated twice more. After the third

thaw, adherent cellular debris was scraped from the flasks, and cell lysates were transferred to 30mL



Table 2-1.

pH X mL Y mL
0.1M 0.2M
Citric Acid Na;HPO4

5.5 43.1 56.9

6.0 369 63.2

6.5 29.0 70.9

7.0 17.7 82.4

33
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round-bottom centrifuge tubes (Thermo Scientific Nalgene Oak Ridge, Cole-Parmer, Vernon Hills, IL).
Lysates were vortexed and pelleted (10,000 x g, 10min, 4°C). Supernatants were decanted into sterile
50mL conical tubes, and treated with RNAse A (100 ug/mL, 37°C, 10min; Qiagen) to remove
transfection input RNA. B-mercaptoethanol was then added to a final concentration of 0.2% (v/v).
Lysates were mixed briefly, and 10pl aliquots were saved in 90ul DPBS for qPCR assay of treated lysate.
Sucrose cushions (ImL/tube) were prepared in 14 x 89mm centrifuge tubes (Ultra-Clear™, Beckman
Coulter, Brea, CA), and 10-11mL of lysate was overlaid onto each cushion. Following ultracentrifugation
(100,000 x g, 4h, 10°C), supernatants and cushions were aspirated from ultracentrifuge tubes and 200-
250ul calcium and magnesium-free DPBS (CMF-PBS) was added. Samples were left overnight at 4°C,
and pellets were resuspended the next day by pipetting vigorously until observable clumps disappeared.
Aliquots of 10ul per sample were diluted in 90ul DPBS for quantitation of virus, and aliquots of

concentrated viral suspensions were stored at -80°C.

RNA extraction and quantitative (q) RT-PCR: Viral (v) RNA was extracted from cell lysates or
concentrated virus aliquots using RNeasy Mini kits (Qiagen), using the QiaShredder (Qiagen)
preliminarily if extracting from ALI culture 7. vRNA concentrations were determined by qRT-PCR as

described previously 2.

Osmotic Stability Assay: Clarified lysates from C41 or Al6-infected cells were diluted 1:10 in DPBS
with added sucrose to produce final concentrations of 0-30% w/v sucrose. Samples (100uL) were
incubated for 1 hour at RT with shaking (500 rpm). Aliquots were then diluted 1:10 with DPBS (to
decrease the sucrose concentration) and incubated (10min, 37°C) with RNAse A (100ug/mL, Qiagen) to

remove unprotected VRNA. vRNA content was analyzed by qRT-PCR.

Thermostability Assay: Clarified lysates from C41 or Al6-infected cells were diluted 1:10 in DPBS and
then incubated at 4, 37, 46, 55, or 65°C for 1h, followed by 10 min incubation at 37°C in the presence of

100pug/mL RNAse A (Qiagen) to remove unprotected VRNA. vRNA content was analyzed by qRT-PCR.
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pH Stability Assay: Clarified cell lysates containing C41, A16, C2, or C15 were diluted 1:10 into various
citrate-phosphate buffer combinations (Table 1) thereby exposing virions to a range of pH (7.0, 6.5, 6.0,
or 5.5). The samples were incubated at RT with shaking (500 rpm) for 1h, followed by 10min incubation

at 37°C with 100pg/mL RNAse A (Qiagen), and analysis for VRNA by qRT-PCR.

Statistics: Statistical significance of collected data was assessed with SigmaPlot programs (version 11.0
Systat Software, Inc., San Jose, CA). Log-transformed values were used for most comparisons. Paired t-
tests, one-way ANOV As, and repeated measures ANOV As, were used when comparing two groups, three
or more groups with one variable, and three or more groups with two variables, respectively. Yield (%)
values were determined by dividing the total number of VRNA copies detected per purified sample, by the

total number of VRNA copies detected in the starting input lysate.
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RESULTS

C41 and C2 yields are lower than C15, following standard concentration protocols.

In standard RV concentration protocols !7%2%8219 ]ysates from cells transfected with A16, C2,
C15, or C41 are incubated with N-lauroylsarcosine to release virus from cell membranes, RNAse A to
eliminate transfection input RNA, and B-mercaptoethanol to inhibit RNAses. Viral particles are then
pelleted by centrifugation (200,000 x g, 2h) through a 30% sucrose cushion. Approximately 65% and
60% of A16 and C15 PCR signals were recovered with this procedure, respectively (Figure 2-1),
compared to the RNAse-protected signals in starting lysates. However, for C2 and C41, the comparative
yields were significantly lower (<15% and <5%, respectively, p < 0.001). Since detergents can adversely
affect RV infectivity 2%, the first tested protocol variation was to omit N-lauroylsarcosine (Figure 2-2).
The result was a decrease in A16 recovery by approximately 20% (p < 0.05), with only a slight increase

in C41 yield, from 2 to 5% (p <0.01).

Effects of stabilizer additions.

During purification, other picornaviruses have been stabilized using MgCla, gelatin, or casein 28!
28 Nonfat dry milk (NFDM) or other lipid sources (myristate) have been shown to protect poliovirus and
foot and mouth disease virus (FMDV) from thermal inactivation 2*+25, The effects of these compounds
on RV-C yield were tested. There was no increase in viral yield following addition of MgCl,, gelatin,
casein, or whey to transfected cell lysates, the sucrose cushions, or both (data not shown). In contrast,
when 1% NFDM was included in the cushions, the yields of C41 and C2 (the RNAse-resistant PCR
signals in the resultant pellets) increased to ~60% and ~35% of the input signals, respectively (p < 0.01
and < 0.05, Figure 2-3). Unfortunately, the final product in both cases consisted of large aggregates of
non-viral proteins, lipids, and carbohydrates, and therefore was not suitable for most downstream

applications.
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Figure 2-1. Variable RV-C yield with standard purification protocol. HeLa cell lysates transfected with

3)72,170,208,210'

either C2, C41, C15, or A16 were purified using the standard protocol (n= *** p-value

<0.001.
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Figure 2-2. Effects of detergent on virus yield. Cell lysates were treated (+) or not (-) with N-
lauroylsarcosine. RNAse protected virus signals recovered by each protocol was recorded (n=3). *, ** p-

value <0.05 and <0.01, respectively.
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Figure 2-3. Effect of NFDM on virus yield. Following transfection of HeLa cells with recombinant
transcripts, C41- or C2-containing clarified cell lysates were fractionated by pelleting through a 30%
sucrose cushion containing PBS with 1% nonfat dry milk (NFDM), or PBS alone (n=4 and n=3 for C41

and C2 experiments, respectively). *, ** p-value < 0.05 and <0.01, respectively.
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RV-C capsid stability to physical stress.

The previous experiments suggested that C2 and C41 capsids were less stable than those of C15
and A16. To test this hypothesis, HeLa cell lysates clarified without detergent containing A16 and C41
capsids were subjected to osmotic, temperature, and pH stresses, and then measured for changes in
RNAse-protected PCR signals, indicative of particle disruption (Figure 2-4). Both C41 and Al6
responded similarly to osmotic and thermal stress (Figure 2-4A and B). Both treatments reduced the
recovery of protected PCR signals, incrementally, with higher osmotic and temperature shocks. To a
degree, the same was true for the pH experiment, except C41 became sensitive to disruption at pH 6.0,
losing 1-log in titer relative to A16 (p<0.01). At a lower pH (5.5), both samples lost PCR signal,
indicating common capsid disruption. To determine whether this disparity was common also to C2 and
C15 particles, the experiment was repeated with lysates containing these viruses (Figure 2-5). As with
C41, these too had reduced capsid stabilities at pH 6.0. Since C15 yield is not severely reduced following
standard purification, and solutions used are buffered at a pH of ~7.2, RV-C acid lability is an unlikely

explanation for the comparatively reduced C2 and C41 yields in standard purification procedures.

Role of centrifugation in RV-C purification.

The above experiments showed there were no overt physical distinctions among C15, C2 and C41
particles that might account for their discrepant recoveries during the standard purification procedure. The
NFDM experiment hinted, however, that pelleted aggregates during the centrifugation step might be a
source of considerable lost materials. To test this idea, standard purification of C2 was carried out, with or
without added NFDM. After centrifugation, the supernatant was decanted and total RNA was extracted
from the bottom of the ultracentrifuge tube (Figure 2-6A). All C2 vRNA signal was detected in this
location, even in the absence of NFDM. These pellets resisted resuspension even when they were
incubated overnight in CMF-PBS (data not shown). Reasoning these pellets were irretrievably

aggregated, the experiment was repeated with lower centrifugal force (100K x g) and commensurately
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Figure 2-4. Response of RV-C41 to physical stress. HeLa cell lysates containing newly synthesized A16
or C41 were subjected to conditions intended to induce potential capsid disassembly. The assays
measured gain/loss of VRNA PCR signal, following treatment with RNAse A. To assay osmotic stress
factors, (A), lysates were incubated for 1h, with shaking at RT in PBS containing 0, 1, 3, 10, or 30%
sucrose (w/v, n=3). To assay thermal stress (B), lysates were incubated for 1h at 4, 37, 46, 55, or 65°C
(n=5). To assay pH stress (C), lysates were diluted into citrate-phosphate buffers with the indicated pH,

and then incubated for 1h with shaking (n=3). *, ** *** p-value <0.05, <0.01, and <0.001, respectively.
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Figure 2-5.
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Figure 2-5. Response of C2 and C15 to pH stress. HeLa cell lysates containing newly synthesized C2 and
C15 were diluted in citrate-phosphate buffers to yield a pH range from 7.0 to 5.5 and incubated for 1h
with shaking followed by RNase A (Qiagen) treatment and analysis via qPCR (n=3). VvRNA
measurements at low pH were then compared to VRNA at pH 7. *, ** *** p_yalue <0.05, 0.01, 0.001,

respectively.
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Figure 2-6. RV yield with modified centrifugation protocol. (A) Following purification of C2 through
30% sucrose with (NFDM) or without (PBS) NFDM, total RNA was extracted and quantified via qPCR
to determine the total RNAse-protected material in the pellet prior to resuspension (n=3). (B) HeLa cell
lysates containing C41, C2, or C15 were loaded over 30% sucrose cushions and subjected to
centrifugation at either 200K x g for 2h, or 100K x g for 4h (n=3). The resultant pellets were quantified

for RNAse-resistant PCR signals. N.S., *, *** p-value >0.05, <0.05, and <0.001, respectively.
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greater time (4h) for sedimentation. Pellet resuspension was again overnight in CMF-PBS (Figure 2-6B).
This simple protocol alteration increased the yield of resuspended C2 and C41 signals by 4-fold and 20-
fold respectively compared to the standard protocol (p < 0.05 and < 0.01 respectively), while maintaining

a similarly high recovery of C15.

Improved RV-C yields from transfected Wis.L cells.

Preliminary experiments demonstrated greater RV-C replication in transfected Wis.L cells
compared to HeLa cells (data not shown). To capitalize on this observation, the revised centrifugation
protocol was applied to virus-containing lysates from these cells, (Figure 2-7). The combined higher
initial titers, and improved collection procedures gave excellent C2 and C41 preparations with VRNA
concentrations near those observed for parallel C15 preparations (1.7x10°, 7.4x10%, and 5.2x10° vVRNA

copies/pl, respectively).

Infectivity of purified C41 and C2 to differentiated HBECs.

C41 and C2 suspensions prepared with the improved protocol were tested for binding and
infectivity to ALI cultures of HBECs (Figure 2-8). HBEC ALI cultures were inoculated with 1x10° units
of purified virions per well or with medium alone. The amplification of C2 was greater than that of C41,
but both viruses increased their vVRNA signals by nearly 2 logs, over 24h, compared to the amount of cell

associated signal at 3 hours post-inoculation (hpi).



Figure 2-7.

1011 4 [ Standard Protocol
Bl Refined Protocol

1010 T *k*k

10° -

108 -

107 -

100 -

vRNA copies/ul

105 -

104+

108 T T T
C2 C41 C15



52

Figure 2-7. Purification of C2, C41, and C15 from Wis.L cells, using the revised protocol. Following
transfection of Wis.L cells with C2, C41, or C15 RNA, lysates were harvested (~10mL each) and pelleted
(100K x g for 4h) through 30% sucrose cushions and then resuspended overnight in CMF-PBS (250pl)
(black bars, n=3). Gray bars indicate yields obtained with standard, previous purification procedures,

from HeLa cells, resuspended in the same volume (n=3). *, *** p-value <0.05 and <0.001, respectively.
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Figure 2-8. Infectivity of purified RV-C preps. Cultures of differentiated epithelial cells (ALI) were
inoculated with 106 VRNA copies/well of C41 or C2 produced using the revised protocol. BEGM media
alone served as a control (mock). VRNA was assayed by qPCR at 3 hours post-inoculation (3hpi) and
again at 24hpi to determine cell-associated virus prior to and post viral replication, respectively (n=1).

vRNA was not detected in mock-infected samples. Abbreviations: B.D., below detection.
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DISCUSSION

The RV-C are clinically important viruses that were first discovered in 2006. Research on these
viruses has been hampered by difficulties in producing adequate preparations of purified viral particles.
The standard RV purification protocol was adapted from methods used for cardioviruses 2°’. While
successful for multiple RV-A and B types, and for recombinant virus derived from the C15 cDNA, this

protocol was unable to recover high yields for other RV-C types 7%170:208.286,

Accordingly, the protocol
was adapted so it would be more ubiquitous. Only minor differences in capsid stability between those RV
refractory to purification (e.g., C2 and C41), and the RV that were not (e.g., C15 and A16) were found.
However, it was observed that the former formed tight aggregates following high-speed centrifugation,
and these pellets were resistant to resuspension. By reducing the centrifugal force and increasing the
spin-time, the resulting pellets could be resuspended, which led to significantly improved virus recovery.

Using the revised protocol, C41 and C2 yields were comparable to those attained with C15 or the standard

RV-A and RV-B types.

Additional variables were tested as part of this protocol. The removal of detergent negatively
affected the recovery of A16, but did not substantially impact C41. This may reflect differential
association of newly formed particles with cell membranes which may or may not contain viral receptors.
Such membranes, possibly trapping some virus, particularly A16, would not have been disrupted in the
absence of detergents, and could account for the loss. None of the putative stabilizing agents tested here
had a positive impact on virus recovery. NFDM, while improving purification yield, produced large
aggregates inadequate for downstream applications. Although some of these agents are useful for other

picornavirus purifications, they do not add much to efficiency of RV yields 207-281:282.285

Instead, the most important observation described here was that ultracentrifugation of C2 and C41
could lead to tight pellets that were resistant to resuspension. This suggests that the physical properties of

some RV-C may promote aggregation. Gassilloud and Gantzer made similar observations with poliovirus,



56

and further noted that incubating poliovirus in a buffer with pH near its isoelectric point (pI) promoted the

highest degree of aggregative and adherent properties 27

Relative to the original protocol, a simple reduction in centrifugal force, and increase in spin time
had a large effect on viral yield (~0.5-1.5 log). Furthermore, the use of Wis.L cells as targets for RNA
transfection increased the apparent amount of virus produced per cell by ~1 log. These larger starting
yields when coupled to the reduced-g procedures converted directly into highly concentrated and

infectious samples for all tested RV-C.

In conclusion, the modified RV purification protocol enables production of multiple RV
genotypes, while maintaining excellent infectivity. The three RV-C genotypes examined have slightly
different physical properties, and additional experiments may reveal whether these differences influence
virus binding, replication, or transmission. The protocol revisions and stability data presented in this work
will assist and expedite RV-C research related to antiviral development, characterization of RV-C

physical and immunological properties, and exploration of the RV-C lifecycle.
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ABSTRACT

The Rhinovirus C (RV-C), identified in 2006, produce high symptom burdens in children and
asthmatics, however, their primary target host cell in the airways remains unknown. Our primary
hypotheses were that the RV-C target ciliated respiratory epithelial cells (RECs), and that cell specificity
is determined by restricted and high expression of the only known RV-C cell-entry factor, cadherin
related family member 3 (CDHR3). We also hypothesized that ciliated tissues are required for
susceptibility to the RV-C in the upper respiratory tract. RV-CI15 infection in HBEC cultures was
assessed using immunofluorescent and time-lapse epifluorescent imaging. RV-C15 infected cell and
tissue morphology were assessed by immunohistochemistry and flow cytometry of differentiated RECs,
adenoids, and tonsils. RV-C15 produced a scattered pattern of infection, and infected cells were shed
from the epithelium. The percentage of cells infected with C15 varied from 1.4-12% with cell culture
conditions. Infected cells stained positively for acetylated-alpha-tubulin (aat, p<0.001) but not wheat
germ agglutinin or Muc5AC (p=ns). 70% of aat+ cells were CDHR3+ (p<0.001) and decreased to 58%
following RV-C15 inoculation (p<0.001). Uninfected ciliated cells expressed 2.2-fold higher CDHR3
than all other cell populations (p<0.001). Following inoculation ex vivo, C15 replication was identified in
adenoids but not tonsils. In summary, the RV-C replicate only in ciliated RECs in vitro and cause
infected cell shedding, CDHR3 expression is largely confined to ciliated RECs, and adenoids are
susceptible to RV-C infection ex vivo. Our data indicate that factors regulating differentiation and

CDHR3 production may be important determinants of RV-C illness severity.
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INTRODUCTION

Non-influenza viral respiratory infections cost the US an estimated $39.5 billion annually from

288

both direct healthcare costs and loss of productivity*®*. Rhinovirus (RV) is the most common cause of

viral upper respiratory infection resulting in rhinitis, sinusitis, pharyngitis, or otitis media, and can lead to

the development of bacterial superinfections!'®-28-2929,

While most individuals only experience mild
symptoms during a RV infection, children, the elderly, the immunosuppressed, and those with asthma,
COPD, or cystic fibrosis are predisposed to lower respiratory illnesses including wheezing, asthma
exacerbations, and respiratory distress that can often result in hospitalization’®. RV has also been
implicated in the initiation of asthma, as the presence of wheeze during acute RV infection in the first few
years of life is strongly correlated with the development of asthma later in life?***7.  Three RV species
have been identified, A-C, and recent studies have established a link between RV species and illness

8,41

severity®**'. For example, the RV-C, discovered in 2006, appear to instigate the most severe upper and

lower respiratory tract symptoms in infants and children under 5 years of age®*!.

In an effort to explain
this phenomenon, Nakagome et al. inoculated airway epithelial cells with multiple members of each RV

species, and observed the highest levels of viral replication, cytotoxicity, and release of inflammatory

cytokines following inoculation with either RV-A or C*,

Clearly, the way a virus interacts with the host epithelium in an important determinant of illness
severity, and at the center of this interplay is the target cell and cell entry receptor. Consider, for
example, that cellular retargeting of avian influenza virus in human tissue from ciliated to secretory cells
is necessary to produce severe and clinically apparent disease, and also that a broadening of the human
coronavirus tropism to alveolar pneumocytes contributed to the Severe Acute Respiratory Syndrome and
Middle East Respiratory Syndrome pandemics?241:2%%304 " For RVs, the cellular targets of the RV-A and
B have been studied with varying results’®>%. For example, RV-B14 and the major group RV receptor,
ICAM-1, have been identified in non-ciliated cells derived from the palatine tonsils (tonsils), and higher

levels of RV-A16 replication were noted in cultures with mucus cell metaplasia (MCM), which can occur
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in asthma or COPD?3*33%:3%8 " Hijgh levels of ICAM-1 expression and RV-A16 binding were also observed
on basal epithelial cells**’3!°. More recently, Jakiela ef al. contradicted previous studies by identifying
ciliated cells as the primary target for RV-A16, and further indicated MCM as a protective factor against
RV-A16 infection®®3%, Regarding the RV-C, while Bochkov et al. demonstrated the presence of viral
RNA in sinus tissue organ cultures, and subsequently identified cadherin-related family member 3
(CDHR3) as the first and only known RV-C entry factor, the specific host cell for the RV-C remains

unknown>+"2.

We therefore performed a series of experiments to identify the cellular target and tissue tropism
of the RV-C. Our primary hypotheses were that the RV-C target ciliated respiratory epithelial cells
(RECs) in vitro, and that cell specificity was restricted to cells expressing CDHR3. We also hypothesized
that ciliated tissues are required for susceptibility to the RV-C in the upper respiratory tract (e.g.

pharyngeal [adenoid] but not palatine [tonsil] tonsils).
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MATERIALS & METHODS

Viruses: RV-C15 and RV-C15-GFP suspensions were prepared from the pC15 plasmid by reverse

genetics as previously described’46-212:34,

Cell Culture: Primary human bronchial epithelial cells (HBECs) were extracted from surgical specimens
provided by the University of Wisconsin Department of Surgery, Division of Transplantation and grown
by the air-liquid interface (ALI) culture method as described previously’7*. For some experiments, we
used a second culture medium (PneumaCult™, Stem Cell Technologies, Vancouver, BC, Canada) after

preliminary experiments demonstrated improved differentiation and susceptibility to RV-C infection.

ALI Infections: Basal media was aspirated from 30-50 day-old ALI cultures that were then washed
apically 5x and incubated with 100 pul of apical BEGM containing 1 x 107 plaque forming unit equivalents
(PFUe) of RV-C15 (3.5h, 34°C). The inoculum was then aspirated, basal ALI media replenished, and

cultures were incubated for an additional 14.5h.

Immunofluorescence: Following overnight incubation with RV-C15, ALI cultures were washed 3x
apically and basally with PBS and fixed with ice cold 4% PFA (15 min, RT). Membrane inserts were cut
in half and removed from transwell plates and placed into a 24-well plate for staining. Cells were
permeabilized in 0.3% (v/v) Triton-X100 (10 min, RT), blocked in 0.5% nonfat dry milk in PBST (1h,
RT), incubated in primary antibody (1:200 in blocking buffer, 1h, RT), secondary antibody (1:250 in
PBST, 1h, RT) and Syto-13 (0.5uM, 10 min, RT, Life Technologies, Grand Island, NY). Inserts were
washed in between staining with PBST, and mounted with ProLong® Gold Antifade Reagent (Life
Technologies, Grand Island, NY). Cells were imaged on an Olympus 1X71 fluorescent microscope with
a Q imaging Retiga2000R camera, a Nikon Eclipse Ti fluorescent microscope, or Nikon CI1 laser
scanning confocal microscope (Chiyoda, Tokyo, Japan) with a 60x oil immersion objective. Analysis of

digitized images was performed with FIJI/Image J version 1.49h (NIH, Bethesda, MD).
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Immunohistochemistry: Differentiated and ex vivo organ cultures were fixed with 10% normal-buffer
formalin, and embedded in paraffin (University of Wisconsin Histology Lab, Madison, WI). Five or
10um sections were adhered to slides which were deparaffinized and then rehydrated. For antigen
retrieval, slides were incubated with proteinase K (40ug/mL in PBS, 10 min, 37°C). Peroxidases were
blocked (5 min, RT, Peroxidazed 1 (Biocare Medical, Concord, CA). Slides were blocked (3% FBS, 2%
goat serum, 0.2% Tween-20, 1.25% Human BD Fc Block™, 1h, RT), incubated (1:200 in blocking
buffer, 2h, RT) with anti-C15-VP2 mouse monoclonal antibody (kindly provided by Medlmmune Inc.,
Gaithersberg MD), Mach 4 Universal Probe and then Polymer (15 min, RT each, Biocare Medical,
Concord, CA), Betazoid DAB (5 min, RT, Biocare Medical, Concord, CA), and counterstained with CAT
hematoxylin or eosin (30s, RT, Biocare Medical, Concord, CA). Images from labeled slides were
acquired and analyzed using an Olympus BX60 light microscope with DP Controller and Manager

software (Shinjuku-ku, Tokyo, Japan).

Flow Cytometry: Basal media was removed from each well, followed by three washes in calcium-and-
magnesium-free-PBS (CMF-PBS) apically, and basally. Cells were trypsinized (200ul apical, 800ul
basal, 8 min, 37°C) and suspended vigorously with FBS (200ul, apical), followed by centrifugation (700
X g, 5 min) and decanting. Samples were treated with 0.1% (v/v) Ghost Dye™ Red 780 (Tonbo
Biosciences, San Diego, CA, 20 min, on ice), MeOH (15 min, -20°C), 0.3% Triton-X100 (10 min, RT) in
CMF-PBS, prior to blocking (1h, RT) in 10% FBS, 0.05% Tween-20, and 1.25% Human BD Fc Block™
(BD Biosciences, San Jose, CA). The samples were then incubated with a first set of primary (1:200, 1h,
RT, in blocking buffer), and secondary (1:1000, 1h, RT) antibodies, and the second set of primary (1:200,
30 min, RT) and secondary (1:1000, 30 min, RT) antibodies (all in blocking buffer, without Fc Block for
secondary antibodies). Samples were washed in between all antibody steps (3x, 700 x g, 5 min). Primary
antibodies were mouse anti-C15-VP2 (Medlmmune, Gaithersburg, MD), mouse anti-FLJ23834 (anti-
CDHR3), rabbit anti-acetylated-alpha-tubulin, rabbit anti-Muc5AC, mouse IgG1 isotype, and mouse

IgG2b isotype (AbCam, Cambridge, MA). Secondary antibodies (Alexa Fluor 350, Alexa Fluor 568,
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Alexa Fluor 647) and wheat germ agglutinin (Alexa Fluor 350-conjugated) were from Life Technologies
(Grand Island, NY). Data from labelled cells were acquired on a Fortessa (BD Biosciences) that was
calibrated using Rainbow Fluorescent Particles (RFP-30-5A, Spherotech, Lake Forest, IL) and analyzed

with FlowJo software version 10 (Tree Star, San Carlos, CA).

Statistics: Data were analyzed using SigmaPlot version 11.0 (Systat Software, Inc., San Jose, CA). One-
way Repeated Measures ANOVAs were used to compare three or more groups, and square-root-

transformed data was used to analyze data from PneumaCult™-differentiated cultures.
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RESULTS

RV-C15 infection of HBEC-ALI culture results in diffuse, apical shedding of intact cells.

To visualize RV-C-infected cells, human bronchial epithelial cells (HBECs) were differentiated
in vitro at an air-liquid interface (ALI) for 30-50 days, and then inoculated with RV-C15. After 16-18h,
RV-Cl15-positive (C15+) cells were distributed diffusely along the epithelium (Figure 3-1A).
Immunofluorescent staining revealed cells with bright cytoplasmic staining for the viral capsid. These
cells often appeared rounded, and the brightest C15+ cells were observed above the epithelial layer

among the epithelial cilia.

Following inoculation, cell-sized holes in the epithelial layer were noted by confocal microscopy
just basal to C15+ cells (Figure 3-1B and C). In order to determine whether these holes in the epithelium
were created by shedding of infected cells, we inoculated HBEC-ALI cultures with a RV-C15 genetically
engineered to express GFP during viral replication (C15-GFP) and performed time-lapse fluorescent
imaging over the course of 30h of viral infection (Figure 3-2). Cells expressing GFP indeed rounded in
place and were ejected from the epithelial layer, leaving gaps in the epithelium that subsequently

contracted over the course of the experiment.

Ciliated cells are the host cell for RV-C135.

We next assessed by immunofluorescence the colocalization of C15 staining together with
markers of secretory cells (wheat germ agglutinin [WGA]) and ciliated cells (acetylated-alpha-tubulin
[aat]), respectively (Figure 3-3). Many C15+ cells had aat staining of cilia on the apical membrane. On

the other hand, cells staining positive for both C15 and WGA were not observed.

To obtain more information about the morphology of infected cells, HBEC-ALI cultures infected for
~18h were analyzed by immunohistochemistry (IHC, Figure 3-4A). Again, C15 staining was noted

primarily in the cytoplasm of ciliated cells. The majority of C15+ cells possessed notable cilia, while a
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Figure 3-1. RV-C15 inoculation of airway epithelial cells causes a speckled pattern of infection and
infected cell shedding. @ HBEC-ALI cultures were infected for 18h with RV-C15 and imaged by
fluorescent microscopy (A). Nuclei stained with Hoechst (blue), RV-C15 capsid stained with monoclonal
antibody against VP2 (red). Original magnification: 20x. Inoculated cultures were also imaged by
confocal microscopy and analyzed by z-stacking (B) or apical surface views (C). Nuclei stained with
Syto-13 (green), secretory cells stained with WGA (blue), and RV-C15 capsid stained with monoclonal

antibody (orange). Original magnification: 60x.



67

Figure 3-2
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Figure 3-2. RV-Cl5-infected cells are shed from intact respiratory epithelium in vitro. HBEC-ALI
cultures were infected for 18h with RV-C15 that expresses GFP during replication (C15-GFP, green) and
fluorescently (Left, green images) or phase-contrast (Right, grayscale images) imaged ever 10-15 min for
30h. Individually shed cells are labeled with colored arrows for differentiation (blue, yellow, and white).

Dotted arrows indicate position of shed cell in previous frame. Original magnification: 20x.
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Figure 3-3. Analysis of RV-C15 infectivity by immunofluorescent staining. HBEC-ALI cultures were
infected for 18h with RV-C15 and imaged apically and z-stacked orthogonally by confocal microscopy.
Secretory and ciliated cells were stained with WGA and rabbit polyclonal antibody against aat,
respectively (false color red), RV-C15 capsid stained with monoclonal antibody (false color green), nuclei

stained with Syto-13 (false color blue).
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Figure 3-4. Immunohistochemical analysis of RV-C15 infectivity in HBEC-ALI cultures. HBEC-ALI
cultures were infected for 18h with RV-C15, immunohistochemically stained for RV-C15 capsid, and
imaged by light microscopy. RV-C15 capsid (brown, arrows [A]). Dark nuclei staining is nonspecific,
secondary to incomplete nuclear peroxidase blockade. (B) Graph is representative of the quantification of

infected cells from 4 membrane slices from a single donor.
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minority were either non-ciliated or indeterminate (Figure 3-4B). Interestingly, the cilia of C15+ cells

also stained positive for RV-C15 capsid protein, while the cilia of adjacent, uninfected cells did not.

Next, we performed a single cell analysis of C15 infection with markers of airway epithelial cell
subsets. Differentiated epithelial cell cultures were inoculated (18 h) with RV-C15, and then single cell
suspensions were analyzed for markers of ciliated or secretory phenotype (Figure 3-5). We consistently
observed low frequencies of C15 infection (1.2-1.4% C15+ cells, Figure 3-5). CI15+ cells were
significantly more likely to be ciliated rather than nonciliated (92% ciliated, p<0.001, Figure 3-5A), and
3-4% of the ciliated cell population was C15+. There was no significant difference in C15 staining of
nonciliated cells compared to mock-inoculated cells (p-value > 0.05). Analysis of cells stained with

WGA further confirmed that secretory cells were not infected with RV-C15 (Figure 3-5B).

Highly differentiated cells are more susceptible to RV-C15 infection.

We consistently observed that highly differentiated cells were more susceptible to RV-C

infection”>3!!

. Preliminary experiments revealed cells cultured using a different HBEC culture medium
(PneumaCult™, Stem Cell Technologies, Vancouver, Canada) had more plentiful ciliated cells®'?. We
hypothesized that the greater differentiation of ciliated cells achieved using PneumaCult™ media (PCM)
would lead to greater susceptibility to RV-C infection. Thus, we infected HBEC-ALI cells for 18h with
either RV-C15 or BEGM alone, stained single cell suspensions with antibodies against viral capsid (C15),
aat, or Muc5AC, and analyzed by flow cytometry (Figure 3-6). C15 staining was observed in 6-12% of
HBECs differentiated in PCM, which represented a 5-10-fold increased frequency of infected cells
compared to cells differentiated in BEGM (Figure 3-6, p=0.004). Again, RV-C15 replicated only in

ciliated cells, as there was no significant C15 staining of non-ciliated cells or Muc5AC+ cells compared

to mock-inoculated cells.
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Figure 3-5
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Figure 3-5. Single cell analysis of RV-C infection and epithelial cell surface markers. HBEC-ALI
cultures infected or mock-infected for 18h with RV-C15 or BEGM alone, respectively, were labeled with
antibodies against RV-C15 capsid (C15), and (A) acetylated-alpha-tubulin (aat, Cilia) or (B) fluorescently
labeled-WGA (WGA) and analyzed by flow cytometry. Graph is representative of the percentage of
C15+ cells quantified by cell type (n=4 independent experiments, two donors). Mock, mock-inoculated
cultures; C15, RV-Cl15-inoculated cultures; Non-Ciliated, aat- cells staining; Ciliated, aat+ cells; Non-

Secretory, WGA- cells; Secretory, WGA+ cells. *** indicates p-value < 0.001.
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Figure 3-6. Highly differentiated cells are more susceptible to RV-C infection. PC-differentiated
cultures infected or mock-infected for 18h with RV-C15 or BEGM alone, respectively, were labeled with
antibodies against RV-C15 capsid (C15), and (A) aat (Cilia) or (B) muc5ac (Muc5SAC) and analyzed by
flow cytometry. Graph is representative of the percentage of RV-C15-positive cells quantified by cell
type (n=3 independent experiments, two donors). Mock, mock-inoculated cultures; C15, RV-C15-
inoculated cultures; Non-Ciliated, aat- cells; Ciliated, aat+ cells; Non-Secretory, muc5ac- cells; Secretory,

mucSac+ cells. *** indicates p-value < 0.001.
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Ciliated bronchial epithelial cells express the highest levels of CDHR3.

We recently demonstrated that cadherin-related family member 3 (CDHR3) enabled RV-C entry
into normally non-permissive HeLa cells **.  Replication of C15 in ciliated cells suggested that CDHR3
expression might be restricted to these cells. To test this hypothesis, we analyzed total CDHR3 expression
in single cells prepared from differentiated HBEC cultures (Figure 3-7). CDHR3 was expressed mainly
by ciliated cells, with 70% of these cells expressing CDHR3 levels above the limit of detection, compared

to 19% of the nonciliated population in uninfected cultures (Figure 3-7A and B, triangles).

We then tested whether C15 infection led to a reduction in the CDHR3+ population, perhaps by
killing CDHR3-positive cells (Figure 3-7B). RV-C15 inoculation significantly reduced the percentage of
CDHR3+ ciliated cells to 58%, but did not significantly reduce the CDHR3+, nonciliated cell population
(18%, Figure 3-7B, circles). We followed up this result by examining CDHR3 staining in RV-C15-
inoculated and mock-inoculated cultures (Figure 3-7C). C15+ cells contained low levels of total CDHR3,
similar to the C15-/CDHR3- (double-negative, DN) population, while a population of uninfected cells
stained much brighter for CDHR3. We quantified the relative median fluorescence intensity (rMFI,
normalized to non-ciliated cell populations) of CDHR3 per cell population (ciliated vs non-ciliated and
C15+ vs C15-) to determine if uninfected, ciliated cells express the highest levels of CDHR3 (Figure 3-
6D). Cl15-, ciliated cells had a CDHR3 rMFI 2.0-2.2 times higher than all other cell populations,
regardless of whether the culture was previously inoculated with RV-C15 or BEGM alone (Figure 3-6D,
p-value < 0.001). There was no significant difference in CDHR3 rMFI between C15+/ciliated cells and

the C15-/nonciliated populations (Figure 3-6D, p > 0.05).

Pharyngeal, but not palatine tonsils were susceptible to RV-C15 infection ex vivo.

Having determined that RV-C exclusively targets ciliated respiratory epithelial cells (REC) in
vitro, we hypothesized that RV-C requires ciliated respiratory epithelial cells for infection in vivo.

Therefore, we obtained ciliated pharyngeal and non-ciliated palatine tonsils (adenoids and tonsils,
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Figure 3-7. CDHR3 is predominantly expressed by ciliated epithelial cells and diminishes following RV-
C15 inoculation. PC-differentiated cultures were infected or mock-infected for 18h with RV-C15 (C15+)
or BEGM alone (Mock), respectively, were labeled with antibodies against RV-C15 capsid (C15),
CDHR3, and aat (cilia) and analyzed by flow cytometry (n=3 independent experiments, two donors). (A)
Representative plots of cilia and CDHR3 expression in mock-infected and Cl5-infected cells. (B)
Summary (n=3) of frequency of CDHR3 expression in infected and mock-infected cells. (C)
Representative plots of C15 and CDHR3 expression in mock-infected (C) and Cl5-infected cells. (D)
Summary (n=3) of intensity of CDHR3 expression in ciliated and nonciliated cell populations. Values are
normalized to the double-negative (DN) population in each experiment. *** and N.S. indicate p-values <

0.001 and > 0.05, respectively.
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respectively), from adenoidectomies and tonsillectomies (University of Wisconsin, School of Medicine &
Public Health, Department of Surgery) and incubated them for 18h ex vivo with 1 x 10® PFUe of RV-C15
or BEGM alone (mock) (Figure 3-8). We observed intermittently C15-capsid stained cells within
adenoidal tissue from a single donor (out of three). C15+ cells were confined to the surface-exposed,
respiratory epithelium of the adenoidal culture. No C15+ staining was observed in any palatine tonsil

tissue analyzed (three donors).



Figure 3-8
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Figure 3-8. Pharyngeal but not palatine tonsils are susceptible to RV-C15 infection ex vivo. Pharyngeal
(adenoid) and palatine (tonsil) tonsillar ex vivo organ cultures were infected for 18h with RV-C15 or
BEGM alone, immunohistochemically stained, and imaged by light microscopy. Cells were labeled with
monoclonal antibody against RV-C15 capsid (brown, arrows), and counterstained with haematoxylin
(blue). Original magnification: 40x. RV-C15+ stain in adenoid is a single observation out of three

donors, and RV-C15- tonsil and mock inoculated tissue stains are representative of three donors.
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DISCUSSION

Since their discovery in 2006, the RV-C have been identified as important contributors to severe
respiratory illness in infants and exacerbations of chronic airway disease, yet very little is known about
how they interact with the human host. Here, we demonstrated that the RV-C replicate in ciliated RECs,
but not secretory cells. Furthermore, the vast majority and highest levels of CDHR3 protein is expressed
in ciliated cells, and its presence in airway epithelium is diminished by RV-C infection. We also present
preliminary observations that pharyngeal but not palatine tonsillar epithelium is susceptible to RV-C

infection ex vivo, indicating that the RV-C may have a different tissue tropism than the RV-A or B.

RV-C targeting of ciliated epithelial cells is consistent with observations for RV-A16, and
indicates that RV-C-induced asthma exacerbations are not due to infection of secretory cells, which can
be overrepresented in chronically inflamed airways®®-!3, Ciliated RECs have been identified as targets
for multiple RNA viruses (e.g. avian influenza virus, coronavirus, RSV, parainfluenza virus, and RV-A),
and infections thereof have been correlated to viral receptor expression??8:303:304309314319 " Qur data are
consistent with this dogma as CDHR3 expression was high and fairly restricted to ciliated cells. The
finding that CDHR3 staining is muted in C15-infected cells could represent viral shutoff of host protein
synthesis, or may be a result of CDHR3 downregulation following internalization of the virus/receptor
complex. On the other hand, our finding that some ciliated cells with high levels of total CDHR3 were
not infected following high-MOI infections with RV-C15 may indicate the presence of unidentified
cofactors or specific cellular properties required for RV-C binding or entry. Many viruses either utilize
co-receptors or have cofactors that facilitate cellular binding. Poliovirus, for example, utilizes bacterial
polysaccharides to increase the kinetics of binding to its host cells in the gut*?*3?!. Alternatively, this cell
population may be protected from RV-C infection due to diminished apical surface presentation of
CDHR3 or reduced exposure of lateral membranes (a common location for intracellular cadherins) to

viral particles’®. Taken together, while CDHR3 is present in high concentrations on the majority of
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ciliated RECs and diminishes following infection, other factors may play a role in augmenting RV-C

binding and entry into these cells.

While our data indicate that CDHR3 expression is necessary for RV-C susceptibility in primary
airway epithelial cells, other properties specific to the ciliated cell may promote RV binding or entry. For
example, RV-A16 has been shown to primarily target ciliated cells, even though ICAM-1 is also

expressed on some nonciliated cells®®.

Also, 40nm, virus-sized nanoparticles adhere to motile cilia in
vitro, demonstrating a nonspecific mechanism for viral adhesion to ciliated cells®’2. These findings
suggest that RV may adhere to cilia to facilitate cell entry. Whether it is receptor expression or
localization, or properties intrinsic to the ciliated cell, further studies are needed to elucidate the
mechanism of RV binding to and entry into its biologically relevant host cell.

The speckled pattern of RV-C15 infected RECs is consistent with what has been observed for
RV-A16*®. The shedding of infected cells, perhaps before the virus is able to spread to surrounding cells,
could contribute to the patchy distribution of infection. The resulting gaps in the epithelium could impair
barrier function and facilitate bacterial superinfection, which can lead to more severe RV illnesses
9:10.290.291 ~ Thege effects have been noted following Influenza A infections in vitro*?®. Taken together, the
RV-C likely infect the host epithelium similarly to the RV-A, induce cell-shedding, and leave behind
damaged epithelia that may support superinfections by other pathogens.

Finally, our ex vivo tissue inoculations indicate that RV-C infection is likely limited to highly-
ciliated, respiratory epithelium in vivo. Analysis of gene expression on multiple normal human tissues
using microarray data stored on the NCBI Gene Expression Omnibus indicates low-to-undetectable levels
of CDHR3 on the palatine tonsils and greater expression in the trachea and the lungs*?*. These findings
are in contrast to what has been observed for the RV-A and B, as the major group receptor, ICAM-1, has
been localized to the palatine tonsils and evidence of RV-A and B infection in this tissue has been

324-330

demonstrated previously . These findings suggest that the tissue distribution of RV-C in vivo could

differ from that of other RV species.
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There are two limitations that should be considered in interpreting these findings. First, the only
available anti-CDHR3 monoclonal antibody binds to an intracellular epitope, which prevented a discrete
quantification of CDHR3 displayed on the cell surface, where it is putatively accessible to virus.
Secondly, our experiments involved cultured cells and tissues, and additional studies are needed to map
the distribution of RV-C infection in vivo.

In conclusion, our findings establish that RV-C primarily infects ciliated RECs throughout the
airways, and that expression of CDHR3 is largely restricted to these cells. These findings provide a
foundation for studying RV-C entry mechanisms into their primary host cell, establish a more robust in
vitro model of RV-C infection, and suggest that factors that regulate CDHR3 expression or differentiation
of ciliated cells may influence susceptibility to RV-C infection in vivo. These findings also suggest that
tissue tropism may vary with RV species, and could be related to differences in patterns of clinical illness.
Our work thus fills in multiple crucial knowledge gaps in the pathogenesis of the RV-C with the ultimate

goal of fully understanding their biology and interactions with the human host.
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Summary, Conclusions, and Future Directions
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SUMMARY AND CONCLUSIONS

In order to better understand RV-C biology and its interactions with the human host, the studies
undertaken in this dissertation focused on methods for improving the purification of infectious viral
materials, of which standard protocols fell short of isolating, required for basic virology. These techniques
enabled us to define some basic characteristics of the viral capsid. Finally, we identified the RV-C
cellular and tissue tropism and how these features relate to the expression of CDHR3 in various epithelial
cell subsets. When considered together, these studies represent an important advance in our
understanding of virus/host interactions, and provide the foundation for additional mechanistic studies of

RV-C structure, binding, and cell entry.

The work in Chapter 2 focused on solving the problem of obtaining purified preparations of
multiple infectious RV-C clones suitable for multiple experimental needs. Due to poor yields following
high-speed centrifugation through a sucrose gradient, we hypothesized that some RV-C capsids were
intrinsically less stable than those of RV-A16 and RV-C15, explaining why infectious material was lost
following completion of the purification procedure. We thus conducted experiments to identify sources

of instability in the RV-C41 and RV-C2 capsids, as compared to the easily purified RV-A16 capsid.

We demonstrated that the addition of nonfat dry milk (NFDM) to 30% sucrose cushions improves
yield of all RV-C isolates studied (Figure 2-3). This interesting finding seemingly supported our
instability hypothesis, as the data suggested that NFDM has a stabilizing effect on viral capsid, which was
corroborated by previously published findings on the stabilizing effect of whole milk on the FMDV
capsid subjected to thermal stress®®®. However, our data showed that the RV-C41 capsid is no less stable
under hyperosmotic or thermal stress when compared to the RV-A16 capsid, thus refuting our hypothesis
that the RV-C41 capsid is intrinsically less stable than capsids of other RV types. Interestingly, we did
find that RV-C41, C2, and C15 capsids are all slightly more sensitive to low pH than the RV-A16 capsid

(Figures 2-4, 5). This may have important implications for viral entry and uncoating, as the release of
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vRNA into the cytoplasm is often mediated by drops in endosomal pH following entry'*. We therefore
suspect that the penetration of RV-C vRNA into the host cell cytoplasm may occur by a different

mechanism or in a different cellular compartment than previously studied RVs.

Since the C41 capsid stability was similar to RV-A16, we then considered that some RV-C
capsids may form tight aggregates and adhere to material surfaces, thus leading to difficulties with
resuspension. We further suspected that centrifugal force increased the interaction of virus particles with
each other and material surfaces, thus increasing the likelihood of aggregation and adhesion. To test this
hypothesis, we analyzed the total protected virus material from the bottom of ultracentrifuge tubes
following centrifugation of infected cell lysates, and determined that all input virus was indeed isolated
from this location. Thus, we concluded that the loss of RV-C41 and C2 infectivity was not due to capsid
instability, but an inability to overcome aggregative or adhesive forces that were preventing the efficient
resuspension of purified virions. We concluded the study by demonstrating that the highest levels of
purified RV-C can be obtained by growth (following transfection) in Wis.L cells, followed by purification
under a reduced centrifugal force and increase spin-time procedure. Our revised protocol produces high

levels of all three C types that were tested.

The studies presented in Chapter 3 focused on the identification of the cellular target of the RV-
C, and how CDHR3 expression correlated with viral infectivity. We also conducted experiments to
define the location of susceptible tissues in the upper airways. While no studies investigating RV-C
cellular tropism have been published, results of studies regarding the cellular targets for the RV-A and B
have been conflicting. However, a recent study conclusively determined that RV-A16 replicates in
ciliated airway epithelial cells, therefore we tested the hypothesis that ciliated cells are also the primary
target for the RV-C3%. To test this hypothesis, we used a monoclonal antibody directed against the RV-C
capsid protein VP2, received from Medlmmune, and refined techniques for culturing RV-C in
differentiated cultures of primary airway epithelial cells. We then tested the colocalization of infected

cells with phenotypic markers of cither ciliated or secretory respiratory epithelial cells and also with
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CDHR3 in qualitative (immunofluorescence, immunohistochemistry) and quantitative (flow cytometry)
assays. Our study is the first to identify that the ciliated cell is the exclusive cellular target for the RV-C
in airway epithelial cell cultures, and further showed that the majority and highest expression of CDHR3
is expressed in ciliated cells. Our findings corroborate our recently published data that CDHR3
expression is required for cell susceptibility to the RV-C3*. We also included preliminary data that
pharyngeal, but not palatine tonsillar epithelium is susceptible to RV-C infection ex vivo, both tissues
having previously been found susceptible to members of the RV-A and B, and that RV-C infection leads
to the shedding of infected cells, a finding that has only been concretely reported for the RV-A16
isolate®®306:309.331.332 = Oyr data indicate that RV-C likely targets ciliated respiratory epithelial cells due to
high levels of CDHR3 expression, leading to cellular shedding that might be related to mechanisms of

transmission and/or viral clearance.

REMAINING QUESTIONS AND FUTURE DIRECTIONS

The isoelectric point of the RV-C capsid

As the major conclusion from Chapter 2 is that the RV-C have a propensity for aggregation and
adhesion that prevents their resuspension following high-speed spin, as well as an increased sensitivity to
drops in pH that may alter the kinetics of genome delivery, it would be interesting and important to
determine the isoelectric point (pI) of multiple RV-C capsids. A protein’s pl is the point at which positive
and negative surface charges are balanced, creating an overall neutral particle that has increased self-
aggregative properties and a propensity to adhere to hydrophobic surfaces. Our findings suggest that the
RV-C have an increased propensity to aggregate along with an increased sensitivity to low pH, and this
could be secondary to a distinct capsid pl compared to other species of RV. In support of this hypothesis,
poliovirus aggregation and adhesion is enhanced by low-pH buffers and groundwater that support the

287,333

generation of electrically neutral virus particles Furthermore, multiple isolates of RV utilize
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endosomal acidification to initiate capsid structural changes and melting with the endosomal membrane
following the formation of an electrically neutral particle. The pl likely relates directly to these processes
for genome delivery. While the pl has been determined for multiple vaccine strains of poliovirus, it is
only known for a single isolate of minor group RV*3433>_ An understanding of the pl of the RV-C could
provide insight into genome delivery, optimized purification and storage buffers, and even transmission

characteristics.

To test this hypothesis, we need to analyze the pl of purified RV-C particles. Isoelectric focusing
is the process by which proteins are run through a substrate holding a pH gradient, and separated based on
charge, similar to SDS-PAGE. When a protein reaches the pH that matches its pl, it will assume a neutral
net charge and cease migration. Thomassen et a/ published a novel method of focusing intact poliovirus
particles by capillary isoelectric focusing with whole column imaging detection (CIEF-WCID), which
involves focusing virus particles in a long capillary tube followed by imaging of the entire tube to prevent
pl distortions from substrate mobilization***. By employing this method, the pI of multiple RV isolates
can be determined, giving us further insight into the biochemistry of RV capsid disassembly and aid in
the tailoring of future genotype-specific RV purification and storage protocols that will minimize

aggregation and adhesion forces.

The effect of inhibitors of endosomal acidification on RV-C entry

As an increased sensitivity of the RV-C capsid to low pH was a secondary finding in Chapter 2
that did not play a role in loss of materials during purification, we did not pursue further studies down this
route. However, this difference in pH sensitivity likely has large implications for viral entry mechanisms,
tissue tropism, and even transmission. Many picornaviruses require endosomal acidification to promote
the penetration of VRNA into the host cell cytoplasm, RV is no different'*. The level of endosomal

acidification that a viral capsid either requires or is able to withstand dictates at which compartment in the
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d*¥338_ Our results support the hypothesis that RV-C likely requires

cell the genomic payload is release
very minimal endosomal acidification prior to genomic penetration, because the viral capsid requires very
little acid stimulus to form an unstable particle (Figure 2-4, 5). It would be interesting thus to answer this
hypothesis by observing whether or not inhibition of endosomal acidification, perhaps by the
experimental addition of lysosomotropic weak bases, carboxylic ionophores, or inhibitors of vacuolar H+-
ATPases, would affect the compartment at which RV-C releases its genome in vitro (HeLa or HBEC-ALI

cultures), and also to observe whether or not there is an effect on tissue tropism as well (ex vivo organ

cultures)®’.

Any change in the RV life cycle or tropism following the inhibition of endosomal acidification
would be valuable information, as inhibitors of endosomal acidification are being pursued for the

treatment of other viral infections and may augment RV infections®®.

I hypothesize that we might see a
change in cellular tropism because different cell types in the respiratory tract may have different rates and
pH targets for endosomal acidification, which would implicate endosomal pH as a RV-C restriction
factor’®. I mention transmission as well, as virus particles that are highly sensitive to acid inactivation
will require extra measures for protection when traveling through the gastrointestinal tract, such as a

heavy coat of respiratory mucus, thus adding an extra level of complexity to the evolution of RV

transmission.

Epithelial cell localization of CDHR3

In Chapter 3, we colocalized high levels of total CDHR3 staining to ciliated respiratory epithelial
cells and thus concluded that the major reason why these are the cellular target for the RV-C is due to
restriction of CDHR3 expression to the ciliated cell compartment. However, following high MOI
infections, we also observed a subset of ciliated cells that expressed very high levels of CDHR3 but

remained RV-Cl5-negative (Figure 3-7). The most likely explanation of this phenomenon is the
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restriction of CDHR3 to cellular compartments that were not readily exposed to virus particles (e.g.
cellular adherens junctions). Because the anti-CDHR3 antibody used in our experiments stained an
intracellular epitope on CDHR3 and our staining procedure involved cell permeabilization, we measured
total cellular CDHR3, regardless of cellular localization. An important follow up to our study would be
to examine CDHR3 localization, ideally by utilizing an antibody that stains an extracellular epitope of
CDHR3. These experiments could determine whether or not CDHR3 localization on the cell surface

determines susceptibility to RV-C infection.

Furthermore, while CDHR3 surface staining should be quantified by flow cytometry, it needs to
be examined in intact, respiratory epithelial cell sections. This is because CDHR3 is an intercellular
cadherin, with the putative function of tethering adjacent cells together or to the basement membrane, and
relaying signals to and from its derived cell. Conversion of intact epithelia to single-cell suspensions
likely abolishes the physiologically relevant location of CDHR3 on the cellular surface, and may even
result in its down-regulation. Analysis of thin, formalin-fixed, paraffin-embedded respiratory epithelial
sections would preserve the structure and localization of CDHR3 well for the subsequent detection by the
monoclonal anti-CDHR3 antibody used in our experiments, allowing us to answer the question of
whether or not CDHR3 is more accessible to virus particles in some cell populations than others, or in

diseases such as asthma with defective epithelial barrier function.

RV-C susceptible lower airway tissues and the effect of MCM on tissue susceptibility

The ultimate goal of the work from Chapter 3 was to determine not only the cellular target of the
RV-C, but also the tissue tropism along the airways. Due to issues with sample acquisition, we were not
able to analyze susceptible tissues in the lower respiratory tracts of humans, which would provide a very
interesting insight into RV-C pathology. Our finding that ciliated cells are the main target of the RV-C

suggests that susceptible airway tissues follow the spread of ciliated epithelium from the sinuses to the
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respiratory bronchioles. However, the morphology of the ciliated cell progressively changes in more
distal airways, which may affect virus-host cell interactions. To test these hypotheses, ex vivo organ
cultures representative of different regions of the lower respiratory tract could be inoculated with RV-C15
and assessed by either qPCR for virus replication or immunohistochemistry to correlate cell morphology

to infectivity, similar to our analysis of pharyngeal and palatine tonsils in Chapter 3 (Figure 3-8).

Furthermore, it would be interesting to compare the RV-C susceptibility of lower airway tissues
that possess notable mucus cell metaplasia (MCM) with normal matched controls, as our studies indicate
that epithelia with notable MCM should be less susceptible to infection by the RV-C, due to a decrease in
the susceptible ciliated cell population. While examining the effect of MCM on RV-C infection in ex vivo
organ cultures is desirable, it is a difficult experimental design. Not only are lower airway tissues
difficult to acquire, they are also usually from healthy donor lungs that would not have any signs of MCM
or other respiratory pathology. Thus, in order to test the hypothesis that MCM may protect against RV-C
infection, one can culture airway epithelial cells exposed to IL-13 +/- IL-9 to induce MCM and the
hypersecretion of mucins with donor matched control cultures®®3%, Susceptibility to RV-C could then be
measured as described in Chapter 2, or fluorescent microscopy and immunohistochemistry as described in
Chapter 3. The results of these studies would provide insight into whether or not MCM plays a role in

heightening or controlling the severity of RV-C infections in asthma.

The effect of RV species and genotype on infected cell shedding and bacterial transmigration

We observed that RV-C15 infection leads to infected cell shedding. This observation is notable,
because previous studies have indicated that bacterial colonization of and transmigration through epithelia

is related to disruption of epithelial barrier integrity*?

. For example, RV-39 infection breaks down the
tight junctions between cells, allowing for increasing bacterial migration paracellularly, while influenza A

virus destroys cells in situ and promotes rapid transmigration of cocultured bacteria’?*. RV infections
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can promote bacterial superinfections Few studies in the literature have assessed RV

cytopathogenic effects (CPE) in vivo or in vitro or observed significant shedding of infected cells3%%323341,
Thus, our finding that RV-C15 leads to the shedding of intact, infected cells could contribute a
mechanism for the initiation of bacterial superinfections, and perhaps affect the RV lifecycle as well.
Based on published data of species effects on illness severity, I hypothesize that isolates of the RV-A and

C are more likely to lead to infected cell shedding than those from the RV-B*!46,

To test this hypothesis, one could inoculate in vitro airway cultures with isolates of the RV-A, B,
and C that express GFP upon replication and perform time-lapse fluorescent imaging over the course of
18-24h in a humidified chamber. The data obtained can then be used to compare the kinetics, densities,
and quantities of cell shedding between the RV isolates studied. Once this initial experiment is
optimized, it can then be combined with apical bacterial co-culture techniques to examine the effect of
bacterial colonization and transmigration following inoculation with different genotypes of RV32%.
Bacterial transmigration can then be measured by the serial, time-lapse inoculation of plates containing
bacterial growth media with cell media from the basal chamber of the airway culture. I predict that
airway cultures inoculated with the RV-A or C would have the quickest increase in bacterial
contamination of the basal media chamber, than those inoculated with the RV-B, supporting the
hypotheses that not only do the RV-A and C disrupt the epithelial barrier to a higher degree than do the
RV-B, but also that a larger disruption promotes higher levels of bacterial colonization and

transmigration.

The interaction of RV-C with cilia

While the conclusion of Chapter 3 is that ciliated cells are targeted by the RV-C due to high
levels of expression in and the restriction of CDHR3 to this cell population, other properties of the ciliated

cell could also promote RV binding and entry. This hypothesis is supported by our own data that not all
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cell populations that express high levels of CDHR3 were infected by RV-C15, and data from a recent
publication indicating that while ICAM-1 expression is not restricted to ciliated cells, RV-A16 still targets
this cell population over all others (Figure 3-7)*®. Conceptually, the large divergence in capsid evolution
leading to a change in receptor specificity between the major group RVs and the RV-C could have just as
easily retargeted RV isolates to non-ciliated cells, if cell tropism was solely a function of cell-entry
receptor expression, and we know this is not the case’”. Furthermore, studies of avian influenza virus
infection of human airway cells indicate that the virus can be retargeted between secretory and ciliated
cells with simple alterations in sialic acid receptor specificity, however only robust replication can occur
following the infection of secretory cells, indicating a cellular preference unrelated to receptor

301,298,302

expression Taken together, these findings indicate that the ciliated respiratory epithelial cell

provides more than a cell entry receptor to promote progression of RV through its life cycle.

Recently, German investigators examined the interaction of virus-sized nanoparticles with motile
respiratory cilia in the absence of mucus, and found that cilia have a propensity to non-specifically adhere
to 40-nm particles®’?. They further noted that particle interaction resulted in an increased ciliary beat
frequency, indicating a signaling mechanism that results in a highly responsive ciliary axoneme.
Combining these findings with our own leads to the generation of the following hypothesis: the RV bind
nonspecifically to host cell motile cilia prior to cell entry to increase the kinetics of cell entry. Virus
“surfing” along the plasma membrane of host cells prior to cell entry has been documented previously>*.
These findings suggest that RV may bind motile cilia to quickly move through the secreted mucus barrier,
down the ciliary axoneme, and reach plasma membrane locations that are conducive to the initiation of
cell entry. Movement could easily be generated from the usurpation of intraflagellar transport (IFT)

mechanisms that are normally used to carry IFT-particle cargos from the cytoplasm to the ciliary tips and

back**®.

The first step to test this hypothesis is to determine whether or not RV will bind to motile cilia.

The approach to test this hypothesis could center on a conserved endogenous mechanism of ciliary
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autotomy. In brief, ciliary autotomy is the process by which incubation in the presence of high levels of
calcium will promote the excision of motile cilia from the cell by the endogenous enzyme centrin®***. The
first experiment involves incubation of ciliated cells in suspension with buffers that promote deciliation,
followed by inoculation with RV at room temperature, thus inhibiting any cell entry processes. In theory,
this would provide a competitive environment for viral binding to either dissociated cilia or cells, which
could then be easily separated by full-speed spinning on a benchtop centrifuge. The ciliary and cell
fractions can then be analyzed for virus particle binding by either immunological or gPCR methods. An
issue with this method would be normalizing fluid volumes and substrate surface areas, as the virus
particles that are not binding substrate will remain in the fluid/cilia fraction, and cells have a substantially
larger binding surface area than do cilia, respectively. Another method to test the role of cilia would be to
use two intact airway epithelial cell cultures and incubate one in deciliation buffer. After waiting 24h to
account for any off-target effects to diminish, inoculate each culture with RV and measure any alterations
in virus binding, replication, or cellular target by PCR and immunological methods. This experiment is
limited in that it cannot be easily used to determine whether or not RV directly binds motile cilia to
promote cell entry, as the analysis is directed at viral replication, furthermore any decreases in viral

replication in the deciliated cultures may be due to nonspecific effects of the treatment.

If in fact RV binds to cilia, the next step would be to determine whether or not virus particles can
transit along the motile cilia prior to cell entry. This experiment is much more difficult to setup, but
would likely involve the use of fluorescently-labeled virus particles and imaging of live-cells embedded
in a viscous matrix to prevent ciliary movement. Indirect evidence of viral surfing down motile cilia
could be achieved by selectively inhibiting components of IFT either with small molecule inhibitors or
siRNA3* If these hypotheses are proven correct, and RV indeed binds to cilia prior to cell entry, we will

have provided an extremely novel update to the mechanics of RV entry into its target host cell.

In conclusion, multiple questions were raised throughout the course of this work that could

further our understanding of RV molecular biology and interactions with the host. The development of a
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revised protocol allowing for the purification of all cloned RV-C isolates provides the tools needed for
future studies of structural and replicative processes. The greater sensitivity of RV-C to low pH may
indicate related alterations in cell entry and genome penetration processes. Finally, our finding that
ciliated cells are the main target of the RV-C opened up a series of questions ranging from the function of
MCM in the context of RV-C infection, to the role and localization of CDHR3 in respiratory epithelium,
and to whether or not the RV utilize motile cilia adhesion to promote host cell targeting and entry. This
work fills crucial knowledge gaps in our understanding of RV structural and anatomical biology, and
provides the foundations for future studies that could eventually lead to the control of the most common

human respiratory pathogen.
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