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Preface

Human rhinoviruses (HRV) are the major cause of common colds as well as being recog-
nized more recently as the major viral cause of asthma and chronic obstructive pulmonary
disease (COPD) exacerbations. The advent of molecular diagnostic techniques and confir-
mation of HRV as the main cause of asthma exacerbations has led to a heightened interest
in HRV biology, with a significant increase in our understanding of mechanisms of patho-
genesis. Seminal discoveries of the past decade include the demonstration that HRV infec-
tion is not limited to the epithelium, but can infect subepithelial layers of the airway wall,
the discovery of a third HRV genotype that with special properties in terms of disease sever-
ity, and the description of disrupted nuclear transport in HRV infected cells through action
of the HRV proteases on the host cell nuclear pore. New and improved molecular, cellular,
protocols developed specifically to studying HRV have played a key role in enabling all of
these discoveries. Important technical advances include the development of a validated
mouse model for HRV infection, the establishment of HRV infection in primary airway
cells, the generation of a reverse genetics system for HRV, and application of spectroscopic
and microscopic analysis to understanding HRV biology. Given the increasing global inci-
dence of asthma, the importance of HRV in asthma and COPD exacerbations, together
with the rapid advancements in methodology, this is a more than opportune time to bring
together current state-of-the-art methodologies to study HRV biology.

HRYV are the viruses most commonly isolated from persons experiencing mild upper
respiratory illnesses (common colds). Although infections are chiefly limited to the upper
respiratory tract, HRV may also cause otitis media and sinusitis. Importantly, HRVs may
also exacerbate asthma, COPD, cystic fibrosis, chronic bronchitis, and serious lower respi-
ratory tract illness in infants, elderly persons, and immunocompromised persons. Although
infections occur all year round, the incidence is highest in the fall and the spring. 70-80 %
of persons exposed to the virus have symptomatic disease, which in most cases is mild and
self-limited.

Isolation of HRV was first accomplished by Pelon et al. and Price using Rhesus monkey
kidney tissue cultures and nasopharyngeal washings from persons with colds. In 1960,
Tyrrell and Parsons at Salisbury, isolated strain HGP by reducing the incubation tempera-
ture of cultures to 33 °C, lowering the pH of tissue culture media to around 7.0, and gently
rotating cultures during incubation. A profusion of HRV serotypes was subsequently
detected when the sensitive strains of human embryonic fibroblast cell cultures described
by Hayflick and Moorehead and the conditions described by the Salisbury group were used
routinely. The name “rhinovirus” was originally suggested by Andrews, and a description
of the group was proposed by Tyrrell and Chanock in 1963. In 1967, a collaborative pro-
gram assigned numbers 1A through 55 to the known HRV types. In 1971, a second phase
added types 56 through 89, and a third phase increased the number to 100.

These multiple serotypes have also been grouped on the basis of cellular receptor speci-
ficity (major, utilizing intercellular adhesion molecule 1 (ICAM-1) and minor, low-density
lipoprotein receptor (LDLR) groups) and sensitivity to antiviral capsid-binding compounds
(A and B groups). Full-length and partial (mainly VP4/VP2 and VP1 coding regions)
genome sequencing of prototype strains and clinical isolates has revealed two major HRV
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genotypes or clades. This phylogenetic classification correlated better with antiviral drug
sensitivity than with the receptor grouping, and suggested a fundamental division of HRVs
into two species, HRV-A and HRV-B. The development of highly sensitive molecular tech-
niques for detecting HRV genome in a variety of clinical specimens led to discovery of
novel rhinoviruses designated HRV-C (aka HRV-A2 or HRV-X), that were subsequently
shown to meet the species sequence demarcation criteria (less than 70 % amino acid identity
in the P1, 2C and 3CD regions) in the genus Enterovirus (Chapter 1).

Clinical, diagnostic laboratories by and large utilize PCR- and sequencing-based tech-
niques for isolating, identifying and genotyping HRV from clinical samples (Chapters 2—4).
Virus culture has been the “gold standard” for laboratory diagnosis of respiratory virus
infections and viruses are routinely propagated in susceptible cell lines for use in research
laboratories where large quantities of high-titer virus suspensions are needed for investiga-
tions (Chapter 5). Additionally, cell culture-based assays are still required to determine
concentrations of infectious virus and are used routinely in research laboratories (Chapter
7). However, current assays do not allow infectivity measurements of the HRV-C group,
isolates of which do not grow in standard cell culture (e.g. HeLa or embryonic lung fibro-
blasts). This feature has most likely prevented their discovery until recent molecular diag-
nostic approaches that do not require virus isolation or passaging. Sequencing of the
complete reference set of HRV-A and HRV-B at the full-genome level and comparative
analysis with available complete genomes of HRV-Cs has confirmed clustering of all strains
into three phylogenetically distinct groups. Recent advances in tissue culture, wherein the
structure of the airway wall is able to be replicated in culture systems using primary human
tissue have allowed the culture of HRV-C which should lead to future advances in our
understanding of the pathology of this group of HRVs (Chapter 6).

The huge advancements in technical applications of biophysics and improvements in
high-end imaging techniques have also had implications for HRV research among other
infectious diseases. These high-resolution techniques have allowed scientists to dissect indi-
vidual events in the attachment, infection, replication, assembly, and release of HRV, with
resultant increases in our understanding of the intracellular mechanisms of this important
virus (Chapters 8 and 9). HRV encoded proteases, like those of their picornavirus counter-
parts, play crucial roles in virus replication through their cleavage of the HRV polyprotein;
inactivation of either protease results in inability to rescue infectious virus. The role of HRV
proteases as mediators of virus pathogenesis has been known for some time; however recent
increases in the known cellular targets has highlighted the fact that our knowledge of cel-
lular targets of HRV proteases is still incomplete (Chapter 10). The importance of prote-
ases as anti-HRYV targets is shown by the effectiveness of the Pfizer antiviral Rupintrivir (a
3C protease inhibitor) in experimental HRV infections. In vitro functional assays are impor-
tant to understand protein functions and one such assay is described in Chapter 11 to
enable in depth study of cellular targets of HRV proteases.

A great advance in HRV research has been the availability of reverse genetics systems
for specific minor and major group HRV (Chapter 12). These systems have facilitated the
study of individual viral proteins in the context of the infected cell, allowing specific muta-
tions to be inserted in the full length genome (Chapter 13). Although HRV infectious
clones have only recently started to be used widely, they provide an invaluable tool to study
HRV biology and will be crucial in any future drug or vaccine strategies.

The study of the host response to HRV was stalled for many years due to the lack of a
suitable animal model; all # vivo investigations thus had to rely on examination of human
clinical samples, which limited the investigation of HRV in the context of asthma.



Preface vii

The development of both minor group (wild type Balb/c) and major group (transgenic
Balb/c) mouse infection models has opened up the field for iz vivo studies and has already
resulted in several publications on the host immune response to HRV infection (Chapter
14). This advance in HRV research has been supported by the development of techniques
for HRV culture in suspension, which, aligned with classical purification techniques based
on sucrose gradients has resulted in suspensions of high concentration of virus required for
animal studies. Importantly, high-titer virus and validated mouse models will help to clarify
the roles of specific host response pathways in HRV-induced asthma and COPD exacerba-
tions in the future.

In short, HRV research has come a very long way from the virus’s initial identification
as the causative agent for common colds, with numerous molecular, cellular and in vivo
tools now available, as this volume highlights. The approaches described have led to
increased understanding of the clinical disease caused by HRYV, including functions of its
individual proteins and its replication. Much still remains to be investigated, however, as
exemplified by the recent discovery of an important group of HRV that is now known to
cause severe disease. Future research in the HRV area, driven by technical advances such as
those showcased here, should ultimately enable the development of therapeutic approaches
to combat HRV, and most importantly, its pathogenic effects in asthma exacerbation.

Melbourne, VIC, Australia David A. Jans
Canberva, ACT, Australia Reena Ghildyal
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Chapter 1

Classification and Evolution of Human Rhinoviruses

Ann C. Palmenberg and James E. Gern

Abstract

The historical classification of human rhinoviruses (RV) by serotyping has been replaced by a logical system
of comparative sequencing. Given that strains must diverge within their capsid sequenced by a reasonable
degree (>12-13 % pairwise base identities) before becoming immunologically distinct, the new nomencla-
ture system makes allowances for the addition of new, future types, without compromising historical des-
ignations. Currently, three species, the RV-A, RV-B, and RV-C, are recognized. Of these, the RV-C,
discovered in 2006, are the most unusual in terms of capsid structure, receptor use, and association with
severe disease in children.

Key words Rhinovirus, Evolution, Virus taxonomy, Immunology, Drug resistance

1 Historical RV Classification

The human rhinoviruses currently comprise the RV-A, RV-B, and
RV-C species of the Enterovirus genus in the Picornavividae family.
This classification status was not always the case. For the RV-A and
RV-B, several historic clinical panels archived by the American
Type Culture Collection were originally combined and indexed
into 100 RV types after assessment of antigenic cross-reactivity or
serotyping in rabbits. From these data, and from physical charac-
teristics of the virions (e.g., pH lability), it was obvious that the full
list of composite isolates easily subdivided into two related species,
the HRV-A and HRV-B. For many years, these units were assigned
to their own genus (buman rhinoviruses or HRV) because the dis-
ease presentations (common cold) were observably different from
other classical enteroviruses, like poliovirus, coxsackie virus, or
ECHO (enteric cytopathic human orphan) viruses. Moreover, they
were also different from all other original picornavirus genera, the
Aphthovivuses, Cardioviruses, and Hepatoviruses. Before 1985,
most virus taxonomy systems were weighted heavily towards pheno-
typic parameters (i.e., virion stability properties or disease etiologies)

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2_1, © Springer Science+Business Media New York 2015
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VPg VP4 VP2 VP3 VP1 polymerase
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P1 (capsid)

P2 (replication) P3 (replication)
Fig. 1 Genome map of a typical RV shows the protein names and their involvement in capsid formation
or replication processes

as it was commonly argued (at that time) that medical-based
classification made it easier to teach in clinical settings.

In 1984-1985, the first HRV (B14) was sequenced in its
entirety in parallel with the virion crystal structure determination
[1, 2]. Surprisingly, the B14 genome organization, including the
full array of functional genes (Fig. 1), proved nearly identical to
that of poliovirus 1, one of the ecarliest determined picornavirus
sequences [ 3, 4]. Indeed, as more genome sequences followed, the
pattern became evermore apparent. The HRV-A and HRV-B,
while distinct in their own groupings, were enterovirus-like in
all measures of genome comparisons and probably should be
considered as species within that genus. The Picornavirus Study
Group Subcommittee (SG) eventually made this recommendation
to the International Committee on the Taxonomy of Viruses
(ICTV), where it was subsequently adopted [5]. The thorough,
deep sequence-based classification precedent established by this
decision has helped shape taxonomy protocols for all virus families.
As part of the HRV- Enterovirus reassignments, the term “Human”
was dropped from the species names and 99 of the original types
became simply known as “Rhinoviruses,” or “RV,” retaining the
RV-A and RV-B species letter designations of the previous system.
Within this reclassification context, and after further evaluation of
genetic, immunogenic, and receptor use (decay-accelerating factor
as a receptor) properties, RV-A87 was reassigned to the Enterovirus
D species (EV-D68) [6].

2 CGurrent Classification

New RV isolates are now rarely tested for immunogenicity. The
current classification scheme is based on overt similarities in
genome organization, capsid properties, and primary sequence
conservation [7]. Strains are assigned to the RV-A or RV-B if
they share greater than 70 % amino acid identity in the P1, 2C,
and 3CD regions with other members. Within the respective
species, isolates are subdivided into numeric genotypes that
respect the historic naming system, but now rely almost entirely
on sequence comparisons of the VP1 protein or VP4,/VDP2.
The preferred nomenclature [8] designates the species letter
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(A, B, or C), and type number (e.g., A16). Strain designations
are unique to each Genbank accession number and rarely indi-
cated unless required for clarity.

Assignment of a new strain to a known genotype generally
requires >86-87 % aligned nucleic acid identity in either or both of
the key capsid regions. Type assignments are considered tentative
until at least the full VP1 sequence is completed and verified [8].
Full-genome sequencing revealed that some historic types were
really more closely related than this (e.g., A54 and A98, or A29
and A44), and others such as A8 and A45, defining “clade D,”
were in fact so different from all other RV-A; they perhaps warrant
eventual designation as another species [9]. Part of the ongoing
mission of the Picornavirus Special Group (SG) is to continually
sort out such discontinuities and attempt to provide a common
code for new isolates and types as they are discovered. For exam-
ple, in the past few years, six new types have been added to the
RV-A (A101-A106) and five new types have been added to the
RV-B (B100-B104). Isolates for A8 and A95 have been merged
into a single type (A8), as have A54/A98 (to A54), and A29/A44
(to A29). Other types were split (e.g., B52 into B52 plus B104),
or their isolates rearranged (e.g., A36 and A89). All these changes
now more accurately reflect strain/type commonalities required by
the overlying classification scheme.

An excellent recent review on this topic by Mclntyre et al. sum-
marizes the current state of the field [8]. Recent taxonomy proposals
approved, or under consideration by the Picornavirus SG or by the
ICTV, can be publically reviewed at http://www.ictvonline.org/
virusTaxonomy.asp. Presently, the RV-A have 77 recognized types
and the RV-B have 30 types. Type RV-Al is unique in that it has
assigned isolates that are sufficiently different as to warrant special
distinction, as A1A and AlB subtypes. If these units are counted
separately, it brings the RV-A to 78 types. Because of the recently
recommended mergers among several closely related types, a few of
the historic type numbers have been dropped from the current sys-
tem and are no longer used (A44, A87, A95, A98). If a researcher
should discover an isolate sufficiently different to warrant consider-
ation as a new type, they should consult the website curated by the
Picornavirus SG (http: //www.picornaviridae.com). Via links on this
site, comparative sequences can be submitted (preferably for the full
capsid, but for the full VP1 gene at a minimum) for SG consider-
ation. New type numbers are awarded sequentially. New species des-
ignations (see below for RV-C) require full ICTV approval.

3 Receptor and Drug Groups

The classic panel of 99 original RV-A and RV-B are the canonical
agents of the “common cold.” Many are well studied at the
structural and clinical levels. All these isolates use either [CAM-1
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(89 “major” types) or LDLR (10 “minor” types) as their cellular
receptors. The molecular nuances of these interactions have been
described by many co-crystallization and EM studies. The set of
full-genome sequences, including at least one representative of
each historic type, was completed in 2009 [10]. From this work,
it became clear that the RV-A+B included in the major and
minor groups conserve particular surface footprints that explain
how and why these isolates use their respective receptors to
interact with cells [11].

This same virus panel has been subjected to extensive character-
izations according to composite strain sensitivities to a slate of
potential therapeutics targeting their capsids [8]. The basic strategy
is aimed at inhibiting the virus before infection by intercalating
drugs into the unique surface “pockets” characteristic of all entero-
virus virions. The type-specific sensitivities were found to subdivide,
roughly along species lines, into two experimental groups [12]. The
structures of 28 virus-drug complexes have been determined to
atomic resolution. The Group-1 viruses (all RV-B plus A8, Al3,
A32, A43, A45, and A54) have long, narrow pockets interior to
their VP1 proteins, which accommodate matching long-chain
hydrophobic drugs. The Group-2 viruses (all other RV-A) have
shorter, wider VP1 hydrophobic pockets, and therefore accept an
alternate cohort of drugs. These points are important to any discus-
sion of rhinovirus classification because there is frequent semantic
confusion when dividing the historic strains into their species (RV-A
or RV-B), or their receptor units (major or minor) or their drug
Groups (1 or 2). It should be remembered that each term desig-
nates separate, non-overlapping properties. None of the most
recently added RV types (i.e., A101-106 or B100-104) have ever
been directly tested for receptor binding or drug sensitivity. Their
respective activities, based on sequence comparison alone, predict
them to be “major” in terms of receptor, but divided between
Groups 1-2 (along species lines) for drug reactivity.

4 Rhinovirus C

In 2006 the discovery of a new RV species surprised the molecular
and clinical communities [13]. The RV-C are clearly rhinoviruses,
but unlike RV-A + B, they are not readily propagated in typical cell
culture systems, including WI-38, WisL., BEAS-2B, A549, and
Hela lines [11]. These isolates are not “new” in terms of evolu-
tion, but rather they were physically undetected by all typical char-
acterization methods that required cultured virus growth, such as
plaque assays [11]. The current 51 recognized RV-C types (as
binned by sequence analysis) were instead identified by PCR while
fishing through patient samples for other RV. As with the RV-A + B,
each RV-C type includes those isolates whose VP1 sequences
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exceed 87 % pairwise identity at the nucleotide level [8, 14]. The
RV-C have special clinical relevance since it is now recognized that
these strains are associated with up to half of infections in young
children [11]. They grow readily in both the lower and upper air-
ways and tolerate higher growth temperatures in culture [15].
Moreover, the RV-C use cell receptors that are not common to the
RV-A+B [11]. Unfortunately, these receptors are apparently lost
whenever primary tissue snippets are transitioned to undifferenti-
ated monolayers. RV-C can be grown in mucosal organ cultures,
but this technique requires the availability of primary human donor
samples [11]. Parallel work with differentiated sinus or bronchial
epithelial cells at air-liquid interface (ALI) is promising [15, 16],
but neither technique has yet produced enough virus for extensive
biological studies. Instead, RV-C information relies heavily on
comparative sequence analysis to maximize data from limited
experimental samples.

To this end, a great many RV-C capsid fragments have been
sequenced, and for about 32 types there are (nearly) full-length
genome data [17]. Common to all known isolates in this species
are unusually large relative deletions (indels) in the VP1 capsid
protein. The fundamental VP1 protein cores superimpose among
all RV, but the loops that connect the internal p-strands of the
RV-C VP1 are shorter by ~22 amino acids relative to the RV-A,
and ~28 amino acids relative to the RV-B. The composite struc-
tural loops containing these elements supply virtually all of the
mass to the fivefold virion plateau. Therefore, the physical RV-C
capsid structures are predicted to be very different from the
RV-A +B over at least 1 /3 of the virion surface [17]. The changes
profoundly affect the receptor-binding platform, (predicted) type
immunogenicity, and capsid-drug reactivity [17, 18].

5 Physical Characteristics

By way of review, all RV have genome organizations and (general)
capsid structures similar to those of other Enteroviruses (Fig. 1).
But unlike isolates in the other species of this genus, which remain
viable at pH 3.0, RV particles (RV-A+ B +C) are unstable below
pH 5-6. The icosametric capsid (~30 nm diameter) has 60 copies
each of proteins VP1, VP2, VP3, and VP4, named in order of
descending electrophoretic mobility. The protein shell surrounds a
densely packed, single-stranded, positive-sense, RNA genome of
7079 (RV-C1) to 7233 (RV-B92) bases, a count which does not
include the variable length 3’ poly(A) tail. Like poliovirus, the sur-
faces of RV-A+B+C capsids are dominated by the three largest
proteins. VP4 is internal to the structure, centered near the five-
fold axis. Around the exterior fivefold plateau, a symmetrical “can-
yon” provides receptor-binding sites and immunogenic surfaces.
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All RV-A + B are major (ICAM-1) or minor (LDLR) with regard to
their receptor preference [19], but the cellular receptors used by
the RV-C are certain to be different [11] and are currently uniden-
tified. Bioinformatics predicts that the RV-C deletions in the VP1
regions will produce species-specific topologies for the canyon
region and the fivefold plateau and the (common?) RV-C receptor
is sure to be compatible with these dramatic changes.

The RV genomes are messenger sense, encoding the polyprotein
reading frame (ORF) and multiple important RNA structural motifs.
Adjacent to the 5’ cloverleat, a regulatory feature for translation and
replication, each RV encodes a strain-specific pyrimidine-rich tract
that may be involved in suppressing innate immunity triggers [10].
The type-1 IRES is 3’ to this tract and includes a variable-length stem
structure pairing the ORF start site (AUG) with an upstream
AUG. Unlike poliovirus, intervening sequences between these AUGs
are probably not scanned by initiating ribosomes [20]. The picorna-
virus VPg uridylylation reaction, required for RNA synthesis, is tem-
plated by a special structure called the cre (cis-acting replication
element) whose location varies in every species of picornavirus. For
the RV-A, the ¢re is in the 2A gene [21]. For the RV-B, the ¢reis in
the 2C gene [21]. The RV-C c¢re has been proposed as one of the two
sites in the 1B gene [10, 21, 22]. Neither has been confirmed experi-
mentally. The short, 3’ untranslated sequences (UTR) are highly
variable. Invariably, they configure as an inclusive stem motif display-
ing at least one bogus termination codon in the terminal loop. This
codon may be in-frame or out-of-frame with the authentic ORF stop
site, and has been proposed to play a role in the recruitment of trans-
lation termination factors [10].

6 Genetic Relationships

As might be expected from the original RV typing system, a large
degree of sequence diversity among the RV manifests as amino
acid changes in capsid surface regions mapped as neutralizing
immunogenic epitopes (Nims). The high frequency of mutational
fixation in these Nims, particularly for VP1, is one of the key rea-
sons for the plethora of recognized RV genotypes. Although it is
possible to measure and define comparative relationships among
any set of extant isolates, it is virtually impossible to retrace the
exact lineages that gave rise to them. “Evolutionary” trees created
from VP1 data are quite different from those using VP2 /4, 3D,
3C, the IRES, or other regions of the genome [10]. In part this is
because nonstructural genes (except for 2A) fix mutations at more
variable rates. But recombination (see below) is also frequent within
and between strains from different RV species. Few if any of even
the most characteristic lineages are known to breed true.
At best a representative phylogram (Fig. 2) can illustrate some
measure of relationships among the major clades and highlight
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Fig. 2 Circle phylogram of relationships for currently recognized genotypes [8] of RV-A, RV-B, and RV-C. The
tree was calculated with neighbor-joining methods from aligned, VP1 RNA sequences, and rooted with data
from four enteroviruses (EV) of the EV-A, EV-B, and EV-C species, similar to ref. 10. The Major (“M,” ICAM-1)
and minor (“m,” LDLR) receptor groups are indicated if determined experimentally. The RV-C receptor is

unknown. Bootstrap values (percent of 200 replicates) are indicated at key nodes

those genotypes that are most similar to each other. When parsing
new clinical isolates into their appropriate types, it is always impor-
tant to remember that the larger the sequence that is compared,
the more accurate the putative classification. Deep sequence align-
ments [8] covering ~1,000 VP1 datasets are especially valuable
when discriminating, say, A25/A62, B52/B104, or other very
similar types. As is characteristic of most such trees, no matter how
they are calculated, this current depiction places the RV-A and
RV-C more closely together on the tree than either is to the
RV-B. Moreover, within the RV-A, a distinctive “clade D” (A8 /A45)
always branches off on its own from the other genotypes [10, 23].
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At present, there are too few isolates within this clade to change
the classification (RV-D?), but as the taxonomy system continues
to evolve, that idea remains a possibility.

7 Recombination

In addition to the multitude of available VP1 sequences, completion
of the full cohort of RV-A+B genome sequences [10] identified
extensive evidence for historic recombination which, de facto, cre-
ated several of the existing genotype clades (Fig. 3). A18, A34, A54,

Recombinant

HRV-A&B
with known

Recombinant Origins o
(Full-Genome RNA Tree) N

A 10 Parent 1
|

+ Parent 2 A 100
E——

Recombinant /

Fig. 3 Recombinant origins for many RV-A&B were uncovered by full-genome sequencing [10]. Parents (solid
boxes) or progeny (fwo-color boxes) are founders of many extant clades. This illustration is modified from
“Field’s Virology” (2013), Ch 18, “Rhinoviruses,” Wolters Kluwer, publishers
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and A24 are independent derivatives of events between A54 and
A75, for example. A54 is also a parent of A38 and A60. Similarly,
B27,B93, and B97 have common parents in B37 and B42. Some of
these viruses are promiscuous (!) and evidently, simultaneous infec-
tions must be a common event. Surprisingly though, none of these
known recombinants have exchanged capsid regions. The most
common trades include the 5" UTR, primarily upstream of the
IRES, or less frequently, fragments from P2-P3 regions. More
recent, deep RV data from multiple field isolates has confirmed this
idea, and now show clearly that the RV-A and RV-C frequently
recombine between themselves, and when they do, they usually
exchange not the expected capsid Nims, but 5" UTR regions, and
(often) their respective 2A protease genes [24, 25]. Comparative 2A
work is under way to document why these particular recombinants
are apparently favored. Possibly, divergent protease specificities may
help these viruses regulate the overall cell response to infection.
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Chapter 2

Nested-RT-PCR and Multiplex RT-PCR for Diagnosis
of Rhinovirus Infection in Clinical Samples

Xuelian Yu and Reena Ghildyal

Abstract

Human rhinoviruses (HRVs) are positive-stranded RNA viruses belonging to the Enterovirus genus in the
tamily of Picornaviridae. Identification of the specific strain in HRV disease has been difficult because the
traditional serological method is insensitive, labor intensive, and cumbersome. With the fast progress in
molecular biological technique, more sensitive and faster molecular methods have been developed, such as
polymerase chain reaction (PCR), reverse transcriptase (RT)-PCR, and real-time RT-PCR. To improve the
technique for defining the links between illnesses and specific strains of HRV, we developed RT-PCR spe-
cific for HRV as routine base. A multiplex RT-PCR that simultaneously identifies 12 respiratory viruses
including HRV is also routinely used in our lab. Here we have described the specific steps of methods for
identification of HRV from clinical samples, such as sample preparation, isolation of total RNA, nested-
RT-PCR for HRV, Seeplex® RV15 ACE Detection method, gel electrophoresis, how to use the QIAxcel®
capillary electrophoresis system, and results interpretation.

Key words Human rhinovirus, Nucleic acid isolation, Polymerase chain reaction (PCR), Reverse
transcription (RT)-PCR, Nest-PCR, Multiplex PCR

1 Introduction

Human rhinoviruses (HRVs), members within genus Enterovirus
in the family Picornaviridae, have a positive-strand RNA genome
of 7,200 nucleotides covalently linked at the 5’ end to the viral
protein 3B (VPg) and is translated cap-independently by internal
ribosomal entry into a polyprotein (VP4-VP2-VP3-VP1-2A-2B-
2C-3A-3B-3C-3D), which yields the 11 proteins through various
independently functioning intermediates, upon cleavage by viral
proteases [1]. HRVs were originally classified into two species,
A and B, and approximately 100 serotypes [2—4 ]. Advances in molec-
ular methods led to the characterization of the third HRV group,
a genetically heterogeneous third species, HRV species C(HRV-C)
[5, 6]. Identification of the specific strain in HRV disease has been
difficult because the traditional serological method is insensitive,

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2_2, © Springer Science+Business Media New York 2015

11



12 Xuelian Yu and Reena Ghildyal

labor intensive, and cumbersome [7], which requires the isolation
of HRV in susceptible cell cultures and neutralization tests against
all 101 serotype-specific antisera [ 3].

To improve the technique for defining the links between ill-
nesses and specific strains of HRV, more sensitive and faster molec-
ular methods have been developed. PCR, RT-PCR, and real-time
RT-PCR represent the latest diagnostic methods that provide
robust, reproducible results.

We present here an RT-PCR for identification of HRVs and a
multiplex RT-PCR that simultaneously identifies 12 respiratory
viruses; these assays are routinely used in our laboratory for diag-
nosis of HRV infection in clinical samples and have been optimized
to enable simultaneous handling of large numbers of samples.

2 Materials

2.1 Sample
Preparation

2.2 Isolation
of Total RNA

2.3 RT-PCR

24 Gel
Electrophoresis

. Sterile collection tubes with nasopharyngeal aspirates.
. Flocked tipped swabs with nasal secretions.

. Sterile saline (0.9 % solution of sodium chloride).

. Microcentrifuge.

. Eagle’s Minimum Essential Medium (E-MEM) OR Virus
Transport Medium (VIM) (see Note 1).

|92 = NS B NS T

. Viral RNA isolation kit.
. Ethanol (96-100 %).
. Microcentrifuge tubes (1.5 ml).

. Sterile, RNase-free pipette tips with aerosol barrier

[ 2 = NS B NS T

. Microcentrifuge (with rotor for 2-ml tubes).

—

. Ethanol (96-100 %).
. Reverse Transcriptase Kit (e.g., SuperScript TM I11, Invitrogen).

. DNA Polymerase PCR Kit (e.g., GoTaq Green Master Mix,
Promega or MangoTaq, Bioline).

. Seeplex® RV15 ACE Detection Kit (Seegene).

. Primers (Table 1).

. RNase-free tips (10, 100, and 1,000 pl).

. 96-Well plates for PCR with membranes for sealing.

. GeneAmp PCR system 9700 (Applied Biosystems, sec Note 3).

w N

o N O Ul B

. Agarose.
. DNA gel-loading dye.

. DNA molecular weight marker.

B N

. Ethidium bromide.
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Primers for HRV nested-PCR

Primer name

Primer sequence (5'-3’) Target gene Amplicon length

First run PCR
RV-F1

RV-R1

Second run PCR

RV-F2
RV-R2

CTCCGGCCCCTGAATRYGGCTAA
TCIGGIARYTTCCASYACCAICC

ACCRASTACTTTGGGTRWCCGTG 5’ NCR-VP4,/VP2 110 bp
CTGTGTTGAWACYTGAGCICCCA

Bases are shown in single-letter symbols; A Adenine, C Cytosine, 7 Thymine, G Guanine, WA/T, SC/G, RA/G, T

C/T, I Inosine

5. Electrophoretic bufters.
6. Electrophoresis apparatus.
7. UV transilluminator.

8. QIAxcel® capillary electrophoresis system.

3 Methods

3.1 Sample
preparation
(See Notes 4-6)

3.2 Isolation
of Total RNA

1. All samples are collected in sterile tubes in the clinic and sent
to microbiology laboratory for testing within 3 h of collection.
Samples should be stored at 4 °C at this time (se¢ Note 4).

For respiratory virus diagnostics two kinds of samples are
collected, nasopharyngeal aspirates (NPA) and nasal swabs.
NPAs require specialist equipment that must be handled by
trained personnel; this procedure should be performed accord-
ing to local safety and clinical guidelines. Nasal swabs are col-
lected by inserting flocked tipped swabs into nostrils and must
be performed by trained personnel only and according to local
safety and clinical guidelines. Swabs must be inserted into
tubes with VI'M immediately after collection.

2. 1.5 ml sterile saline is added into each tube of NPA; tubes are
centrifuged at 14,000 rpm (20,000 x g) for 2 min; the superna-
tant is removed and pellet is resuspended in 200 pl of E-MEM,
aliquoted, and kept at -70 °C.

Nasal swabs are squeezed ten times against the tube walls
in VIM and removed; tubes are centrifuged at 3,000 rpm
(200 x g) for 2 min; the supernatant is aliquoted and kept at =70 °C.

The protocol presented here is based on the QIAamp viral RNA
isolation kit; any kit for isolation of total RNA from cell-free body
fluids may be used in its stead (se¢ Notes 2 and 7).

1. Equilibrate samples and Buffer AVE to room temperature
(15-25 °C).
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3.3 RT-PCR

3.3.1 First-Strand
cDNA Synthesis

2.

10.

Check that Buffer AW1, Buffer AW2, and Carrier RNA have
been prepared according to the manufacturer’s instructions.
Redissolve any precipitates in Buffer AVL/Carrier RNA by
heating, if necessary, and cool to room temperature before use.
All centrifugation steps are carried out at room temperature.

. Pipette 560 pl of prepared Buffer AVL containing Carrier RNA

into a 1.5-ml microcentrifuge tube. Add 140 pl treated NPAs/
nasal swab solution to the Buffer AVL/Carrier RNA in the
microcentrifuge tube. Mix by pulse-vortexing for 15 s.
Incubate at room temperature for 10 min.

. Briefly centrifuge the 1.5-ml microcentrifuge tube to remove

drops from the inside of the lid.

. Add 560 pl of ethanol (96-100 %) to the sample, and mix by

pulse-vortexing for 15 s. After mixing, briefly centrifuge the 1.5-
ml microcentrifuge tube to remove drops from inside the lid.

. Carefully apply 630 pl of the solution from step 5 to the

QIAamp spin column (in a 2-ml collection tube) without wet-
ting the rim. Close the cap, and centrifuge at 6,000xyg
(8,000 rpm) for 1 min. Discard the filtrate.

. Caretully open the QIAamp spin column, and repeat step 6.
. Carefully open the QIAamp spin column, and add 500 pl of

Buffer AWI1. Close the cap, and centrifuge at 6,000xy4
(8,000 rpm) for 1 min. Place the QIAamp spin column in a
clean 2-ml collection tube, and discard the tube containing
the filtrate.

. Carefully open the QIAamp spin column, and add 500 pl of

Buffer AW2. Close the cap and centrifuge at full speed (14,000
rpm; 20,000 x 4) for 3 min. Continue directly with step 10, or
to eliminate any chance of possible Buffer AW2 carryover, per-
form step 9(a), and then continue with step 10.

(a) (Optional): Place the QIAamp spin column in a new 2-ml
collection tube (not provided), and discard the old collec-
tion tube with the filtrate. Centrifuge at full speed for 1 min.

Place the QIAamp spin column in a clean 1.5-ml microcentri-
fuge tube. Discard the old collection tube containing the fil-
trate. Carefully open the QIAamp spin column and add 60 pl
of Buffer AVE equilibrated to room temperature. Close the
cap, and incubate at room temperature for 1 min. Centrifuge
at 6,000x g (8,000 rpm) for 1 min. Viral RNA is stable for up
to 1 year when stored at =20 °C or -70 °C.

We routinely perform reverse transcription using random hex-
amers and SuperScriptTM III Reverse Transcriptase Kit on
GeneAmp PCR system 9700 according to the manufacturer’s
recommendations. Any other reverse transcriptase system can be
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used, keeping in mind that some optimization may be required
for optimal results (see Note 9).
1. Briefly centrifuge each reagent provided in the kit.

2. Prepare pre-mix 1 in a sterile, nuclease-free microcentrifuge
tube as below, mix by brief vortex, and centrifuge briefly:

Pre-mix 1 (for one reaction)

5 pg Total RNA 5 pl
50 ng/pl random primer 1 ul
10 mM dNTP mix 1 pl
DNase- and RNase-free water 3ul
Total volume 10 pl

Calculate the required total amount of each reagent based on
the number of reactions (samples + controls).

3. Label a 96-well plate, as the cDNA plate. Pipette 10 pl of pre-
mix into each well of the cDNA plate; cover with the sealing
membrane and briefly centrifuge the plate.

4. Place the cDNA plate into GeneAmp PCR system 9700, and
incubate at 65 °C for 5 min. Take the cDNA plate out and put
it on the ice. Centrifuge briefly before removing the mem-
brane seal.

5. Take another sterile, nuclease-free 1.5 ml microcentrifuge tube

labeled as pre-mix 2. Add the following reagents (shown for
one reaction); mix by quick vortex, and centrifuge briefly.

Pre-mix 2 (for one reaction):

10x RT bufter 2 ul
25 mM MgCl, 4 pl
0.1 M DTT 2 ul
RNase OUT(40 U/pl) 1 pl
SuperScript III RT(200 U /pl) 1pl
Total volume of pre-mix 2 10 pl

Calculate the required amount of each reagent based on the
number of reactions (samples + controls).

6. Pipet 10 pl of pre-mix 2 into each well of the cDNA plate;
cover it with the sealing membrane carefully and briefly centri-
fuge the plate.
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3.3.2 Nested-PCR

7.

10.

Place the cDNA plate into GeneAmp PCR system 9700, run
the following cycling parameter: one cycle of (25 °C, 10 min);
followed by one cycle of 50 °C, 50 min; then one cycle of
(85 °C, 5 min) to stop the reaction. Take the plate out and put
it on the ice. Centrifuge briefly before removing the sealing
membrane.

. Pipet 1 pl of RNase H into each well of the cDNA plate; cover

carefully with membrane seal and centrifuge briefly.

. Place the cDNA plate into GeneAmp PCR system 9700, and

run one cycle of (37 °C, 20 min).

The first-strand ¢cDNA 1is synthesized and can serve as the
template in the nested-PCR or the multiplex PCR or stored
at -20 °C for future use.

This procedure consists of two PCR cycles, the first run PCR using
the cDNA as template and the second run PCR using the amplim-
ers from the first run PCR as template.

1.

First Run PCR

1. Prepare pre-mix 1 in the reagent preparation room
(see Note 8). Completely thaw and thoroughly vortex the
buffer prior to use; then briefly centrifuge each reagent.

2. In a sterile, nuclease-free microcentrifuge tube combine the
following components to prepare the pre-mix 1 (shown for
one reaction); mix by quick vortex and centrifuge briefly.

Pre-mix 1 (for one reaction)

Nuclease-free water 8.25 ul
5% colorless GoTaq flexi buffer 5 pl
Mgcl, solution, 25 mM 2 ul
PCR nucleotide mix, 10 mM each 0.5 ul
Primers 1 pl

Go Taq DNA polymerase (5 u/pl) 0.25 pl

Total volume of pre-mix 1 17 pl

Calculate the necessary amount of each reagent based on
the number of reactions (samples + controls).

3. Label a 96-well plate as the first run PCR plate. Pipet 17 pl
of pre-mix 1 into each well of the first run PCR plate;
Transfer the first run PCR plate from the reagent prepara-
tion room to the template preparation room. Open the
c¢DNA plate and pipet 3 pl of cDNA template from the
c¢DNA plate into each corresponding well of the first run
PCR plate.
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4. Cover the 96-well plates with the membrane for PCR plate
carefully; briefly centrifuge the plate.

5. Place the first run PCR plate into the GeneAmp PCR system
9700 in the nucleic acid amplification room, and run the
following cycling parameter:

94°C 30s

55 °C 1 min 45 cycles
72 °C 1 min

72 °C 10 min

2. Second run PCR.

1. Prepare pre-mix 2 in the reagent preparation room.
Completely thaw and thoroughly vortex the buffer prior to
use; then briefly centrifuge each reagent.

2. In a sterile, nuclease-free microcentrifuge tube combine the
following components to prepare the pre-mix 2 (shown for
one reaction); mix by quick vortex and centrifuge briefly.

Pre-mix 2 (for one reaction)

Nuclease-free water 10.25 pl
5x colorless GoTagq flexi buffer 5ul

Mgcl, solution, 25 mM 2 ul

PCR nucleotide mix, 10 mM 0.5 pl
each

Primers 1 pl

Go Taq DNA polymerase(5u/pl) 0.25 pl

Total volume of pre-mix 2 19 ul

Calculate the necessary amount of each reagent based on
the number of reactions (samples + controls).

3. Label another 96-well plate as the second run PCR plate.
Pipet 19 pl of pre-mix 2 into each well of the second run
PCR plate.

4. Transfer the second run PCR plate from the reagent prepa-
ration room to the template preparation room. Open the
first run PCR plate and pipet 1 pl of DNA template from
the first run PCR plate into each corresponding well of the
second run PCR plate.

5. Cover the second run PCR plate with the membrane for
PCR plate carefully; briefly centrifuge the plate.
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3.3.3 Muitiplex PCR
for 15 Respiratory Viruses

6. Place the second run PCR plate into the GeneAmp PCR
system 9700 in the nucleic acid amplification room, and run
the following cycling parameter:

94°C30s

55 °C 1 min 35 cycles
72 °C 1 min

72 °C 10 min

7. After analysis of the PCR products by electrophoresis, irra-
diate the PCR products with UV light (365 nm) for 20 min
to prevent carryover contamination.

We usually use the Seeplex RV15 ACE Detection Kit to simulta-
neously detect 15 common respiratory viruses. The Seeplex kit is
very widely used in clinical microbiology laboratories around the
world. The viruses included influenza (Flu) A/B, respiratory syn-
cytial viruses (RSV) A/B, human metapneumovirus (hMPV),
human parainfluenza viruses (PIV) 1/2/3 /4, human adenovirus
(AdV), human rhinovirus (HRV), human coronavirus 229E/
NL63 and OC43/HKU1, human bocavirus (HBoV) and human

enterovirus.

1. Prepare master mix in the reagent preparation room. Completely

thaw and thoroughly vortex the buffer prior to use, and then
briefly centrifuge each reagent.

. Add the following reagents (shown for one reaction) to a ster-

ile, nuclease-free microcentrifuge tube, mix by quick vortex,
and centrifuge briefly:

5x RV 15 ACE PM 4 pl
2x Multiple master mix 2l
8-MOP solution 3ul
Water 8ul
Total volume of master mix 17 pl

Calculate the necessary amount of each reagent based on the
number of reactions (samples + controls).

. Label a 96-well plate as the RV15 PCR plate. Aliquot 17 pl of

master mix into each well the RV15 PCR plate.

. Transfer the RV15 PCR plate from the Reagent preparation

room to the template preparation room. Pipet 3 pl of cDNA
template from the cDNA plate into each corresponding well of
the RV 15 PCR plate. Use 3 pl of ACE NC for the negative
control PCR. Use 3 pl of ACE PC for the positive control PCR.
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300bp
200bp
100bp

Marker NC 81 PC S5 810 S21 832 83 89

Fig. 1 Gel image of rhinovirus nested-RT-PCR products. The nasopharyngeal
aspirate (NPA) samples (S) 1, 3, 5, 9, 10, 21, and 32 were collected from seven
children with lower respiratory tract infection. Respiratory epithelial cells were
collected from NPAs and processed for RNA isolation followed by nested-RT-PCR
as described in Subheadings 2 and 3. PCR products were separated on 2 %
agarose gel electrophoresis and visualized by ethidium bromide staining; the
relevant DNA marker is indicated

5. Cover the RV 15 PCR plate with sealing membrane and briefly
centrifuge the plate.

6. Place the RV 15 PCR plate into the preheated 94 °C GeneAmp
PCR system 9700 in the nucleic acid amplification room, and
immediately run the PCR reaction using the following program:

94 °C 0.5 min

60 °C 1.5 min 40 cycles

72 °C 1.5 min

72 °C 10 min
3.34 Analysis PCR products may be analyzed by agarose gel electrophoresis or
of PCR Products by capillary electrophoresis. Figure 1 depicts a typical pattern

obtained by gel electrophoresis, while Fig. 2 depicts a typical pat-
tern obtained by capillary electrophoresis.

1. Separate the PCR products from the second run PCR by 2 %
agarose gel electrophoresis and visualize by UV transillumina-
tion (see Chapter 3 for detailed method).

(a) For reactions containing the 5x Green GoTaq™ Reaction
Bulffer, load samples onto the gel directly after amplification.

(b) For reactions not containing any indicator dyes, add gel-
loading dye (e.g., bromophenol blue) before loading on
the gel.

(c) Please see Fig. 1 for a picture of a sample gel of nested-PCR
products from nasal swabs collected from children with
suspected lower respiratory tract infection.

(d) There are single bright bands at the 110 bp size location of
the positive control (PC), lanes labeled S5, S10, S21, and
§$32, but no bands around the same location in the nega-
tive control (NC), S1, 83, and S9 lanes.
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Internal control
HCoV-0C43

HRV A/BIC

RSV A
Flu A
RSVB

[S1 S2 S3 S4 S5 S6 S7 S8 S9 |

Fig. 2 Image of Seeplex RV 15 Multiplex products using QlAxcel capillary electrophoresis. NPA samples (S) 1-9
were collected from nine children with lower respiratory tract infection. NPA samples were processed for cell
isolation, RNA extraction, and reverse transcription as in Fig. 1. Seeplex RV 15 Multiplex PCR was performed
as described in the text and PCR products separated by the QIAxcel® Novel 12-channel capillary electropho-
resis system. The reference table for RV15 ACE Detection (B set) marker is indicated

2. Capillary electrophoresis using QIAxcel system (see Note 10).

The 96-well plates can be run directly in the QIAxcel® capillary
electrophoresis system. Separation is performed in a capillary
of a precast gel cartridge. Each sample is automatically loaded
(according to voltage and time parameters) into an individual
capillary and voltage is applied. As the molecules migrate
through the capillary, they pass a detector that measures the
fluorescent signal. A photomultiplier detector converts the
emission signal into electronic data, which are then transferred
to the computer for further processing using BioCalculator
software. After processing, the data are displayed as an electro-
pherogram and a gel image.

(a) The 0.2-ml 12-tube strips containing QX Alignment Marker
and QX Intensity Calibration Marker (if required) should fit
loosely in the MARKERI] and MARKER?2 position.

(b) QX Alignment Markers should be replaced every 15-20
runs or as needed.

(c) When not in use, the 12-tube strip containing QX
Alignment Marker should be stored at =20 °C. It should
be equilibrated to operating temperature (20-25°C) and
centrifuged briefly before use.
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(d) If the QIAxcel gel cartridge is being used for the first time,
intensity calibration should be performed (se¢ Note 11).

(e) Preparation of the gel cartridge:

Add 10 ml QX Wash Buffer to both reservoirs of the QX
Cartridge Stand (provided with the QIAxcel instru-
ment) and cover with 3 ml mineral oil (supplied).

Remove the QIAxcel gel cartridge from its packaging and
carefully wipe off any soft gel debris from the capillary
tips using a soft tissue.

Remove the purge cap seal from the back of the QIAxcel gel
cartridge and place it in the QX Cartridge Stand.

Incubate new cartridges in the QX Cartridge Stand for
20 min prior to use.

(f) Preparing the buffer tray:

Allow all reagents to equilibrate to room temperature
(15-25 °C) before use.

Wash the buffer tray with hot water and rinse thoroughly
with deionized water.

Fill the WP and WI positions of the buffer tray with 8§ ml
QX Wash Bufter.

Fill the BUF position of the buffer tray with 18 ml QX
Separation Buffer.

Carefully add mineral oil to all three positions to prevent
evaporation: add 2 ml mineral oil to positions WP and
WI and 4 ml mineral oil to position BUF. All three
positions should be covered with mineral oil.

Insert the buffer tray into the buffer tray holder so that the
slots for the 12-tube strips face the front of the
instrument.

(g) Preparing QX Alignment Markers:

Load 15 pl QX Alignment Marker into each well of a QX
0.2 ml 12-tube strip.

Add one drop of mineral oil to each well, and insert the
strip into the MARKERI position of the buffer tray.
Important: The 12-tube strip should fit loosely in the
MARKERI position on the buffer tray.

(h) Installing a QIAxcel gel cartridge and smart key:

Remove the QIAxcel gel cartridge from the QX Cartridge
Stand; open the cartridge door and insert the QIAxcel
gel cartridge into the QIAxcel system. The cartridge
description label should face the front and the purge
hole should face the back of the system.

Insert the smart key into the smart key socket. The smart
key can be inserted in either direction.

Close the cartridge door. The cartridge 1D, number of
runs remaining, and cartridge type will be displayed
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automatically in the “Instrument Control” window
once the smart key is latched. The system will not rec-
ognize the cartridge and will not operate if the smart
key is not inserted.

Add the DNA size marker (supplied with the kit) into

the black well (sec Note 12).

Load the 96-well plate containing the samples. The mini-
mum sample volume required for analysis is 10 pl. Less
than 0.1 pl of the sample will be loaded onto the
QIAxcel gel cartridge for analysis. The remaining DNA
can be kept for reanalysis or downstream processing.

Results for nine nasal swab samples assayed by the Seeplex
RV15 multiplex PCR products are shown in Fig. 2.
According to the reference table provided by the manu-
facturer, samples 2 and 3 are probably positive for influ-
enza A (a second specific PCR and /or sequencing of the
PCR product needs to be performed to confirm), sample
5 is positive for HRV, and sample 9 is positive for
CoV-OC43. The size of samples 2 and 3 is equal to influ-
enza A, the size of sample 5 is equal to human rhinovirus
A/B/C, and the size of sample 9 is equal to human coro-
navirus OC43. Samples 4, 6, 7, and 8 are negative for all
the respiratory viruses detected by Seeplex assay.

4 Notes

. E-MEM or VIM can be used to collect samples for virus test-

ing. If desired, commercial VITM preparations can be used.

. The protocol described here has been optimized for the Roche

MagnaPure LC 2.0 system; however, any comparable system for
isolation of total RNA from clinical samples may be used, but
may require modification of the protocol to optimize results.

. Any PCR equipment that is able to handle multiple samples in

a 96-well format will be suitable.

. The clinical samples collected from patients with lower respira-

tory tract infection should be kept in 4 °C refrigerator and sent
to microbiological laboratory within 8 h post-collection; If
samples cannot be sent to laboratory within 8 h post-collection,
they should be frozen at -70 °C.

. Appropriate personal protective equipment (laboratory coat,

mask, gloves) should be worn at all times when handling
human specimens.

. All clinical samples collected from patients with lower respiratory

tract infection should be handled in a biological safety cabinet.
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7. When the number of samples to be analyzed is less than 10, it
is quicker and more convenient to isolate the total RNA from
samples manually by using the QIAamp® Viral RNA Mini Kit.
When the number of samples is more than 10, it is laborious
and time consuming to isolate the total RNA from samples
manually and an automated system, e.g., the Roche MagnaPure
LC 2.0, may be used.

8. Prepare the PCR pre-mix only in the pre-mix preparation
room. Assay the first-strand cDNA synthesis and perform tem-
plate DNA/RNA or ¢cDNA pipetting in the template room.
Do not apply the first-strand cDNA synthesis in the pre-mix
preparation room to avoid contamination of the following
PCR test. Ensure that the plates are covered and sealed with a
membrane before they are transfered to PCR machine in the
PCR amplification room.

9. The 8-channel micropipette is preferred when using 96-well
plates. It is less laborious and more accurate to aliquot reagent
and pipet template DNA /RNA or cDNA into each well. Using
multichannel micropipette also helps to reduce the contamina-
tion during PCR assay process.

10. The QIAxcel system offers a number of advantages over tradi-
tional slab-gel electrophoresis, including higher detection sen-
sitivity, less sample wastage (minimal sample input volumes),
fast analysis of up to 96 samples, and automated loading and
analysis, making it the preferred method for analysis of DNA
products when large numbers of samples are processed.

11. This step is not necessary if the QIAxcel gel cartridge has
already been calibrated, unless it is being used on a different
QIAxcel instrument or a different computer is used to operate
the instrument. If a different computer is used, the calibration
log file must be transferred from the computer used to operate
the instrument to the new computer so that it is not necessary
to run the calibration again.

12. Once created, a single DNA reference marker table can be
used for the entire life of the cartridge. However, variations in
separation temperature of the cartridge and buffer can intro-
duce variations in DNA size determination. For optimal results,
we recommend creating a new DNA reference marker table
every 8 runs or after each 96-well plate.
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Chapter 3

Molecular Identification and Quantification of Human
Rhinoviruses in Respiratory Samples

Wai-Ming Lee, Kris Grindle, Rose Vrtis, Tressa Pappas,
Fue Vang, Iris Lee, and James E. Gern

Abstract

PCR-based molecular assays have become standard diagnostic procedures for the identification and
quantification of human rhinoviruses (HRVs) and other respiratory pathogens in most, if not all, clinical
microbiology laboratories. Molecular assays are significantly more sensitive than traditional culture-
based and serological methods. This advantage has led to the recognition that HRV infections are com-
mon causes for not only upper airway symptoms but also more severe lower respiratory illnesses. In
addition, molecular assays improve turnaround time, can be performed by technicians with ordinary
skills, and can easily be automated. This chapter describes two highly sensitive and specific PCR-based
methods for identifying and quantifying HRVs. The first is a two-step PCR method for the detection
and typing of HRV. The second is a pan-HRV real-time quantitative (q) PCR method for measuring
viral loads in respiratory samples.

Key words Molecular typing, HRV type, Species, Real-time quantitative PCR, Viral load

1 Introduction

Human rhinoviruses (HRVs) are the most prevalent human viruses
infecting billions of people annually [1-3], and HRVs have long
been recognized as the cause of >50 % of all acute upper respira-
tory illnesses (common colds), the most frequent human illnesses
[1, 2]. The recent advent of PCR-based molecular assays has dem-
onstrated that HRV infections are also common causes of more
severe lower respiratory illnesses, particularly in at-risk populations
such as infants, the elderly, the immunocompromised, and those
with underlying respiratory disorders (asthma, chronic obstructive
respiratory disease [ COPD ], and cystic fibrosis) [4-9]. Interestingly,
one-third of HRV infections are asymptomatic [ 10-12]. Therefore,
understanding the roles of viral, host, and environmental determi-
nants in HRV illness severity may lead to measures for preventing
and curing HRV illnesses.

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
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HRV is composed of a large group of small positive-stranded
RNA viruses with diverse capsid sequences. They belong to the
picornavirus family and are close cousins of polioviruses. HRV has
about 150 distinct types or members. They are divided into three
species: A (75 types), B (25 types), and C (about 50 types) accord-
ing to serological and genome sequence variations [2, 12-18]. The
100 HRV-A and -B types were identified and assigned as serotypes
between 1956 and 1987 with traditional culture-based, biochemi-
cal and serological methods [10, 19, 20]. Each serotype was
defined by 20-fold or greater differences in antiserum neutraliza-
tion titers during reciprocal cross-neutralization tests against the
other 99 serotypes [3, 20]. The 50 HRV-C types were identified
only recently with modern PCR and sequencing techniques as they
do not grow in traditional cell culture systems (12, 21-25; see
Chapter 1 in this volume).

The traditional culture method for HRV detection,
identification, and quantification is laborious, time consuming,
and cumbersome [20, 26, 27]. More importantly, it is insensitive
because traditional cell cultures do not support the growth of
HRV-C types, which amount to about one-third of all HRVs, and
many field strains of HRV-A and -B serotypes do not induce clear
cytopathic effects (CPE) due to poor growth in culture. Typically,
infectious virus can be detected from only about 20 % of respira-
tory samples that have tested positive for HRV by PCR [11, 28].

The allergy and asthma research group of the University of
Wisconsin—Madison (UW) is one of the leading teams in the world
conducting large-scale epidemiological studies to elucidate the roles
of viral, host, and environmental determinants in the severity of
HRV illness [29, 30]. In order to generate unbiased data sets, the
UW team developed a series of highly sensitive and specific molecu-
lar assays for the comprehensive identification of HRVs and other
respiratory viruses in respiratory specimens [12, 22, 28, 31, 32],
including a two-step PCR method for the detection and typing of
HRV and a pan-HRYV real-time quantitative (q) PCR method for
measuring the viral loads of HRV in respiratory specimens. This
chapter describes these two methods in detail.

Briefly, the two-step PCR method is composed of a first step
“touchdown” PCR for highly specific amplification of the target
sequence of HRV [33, 34] followed by conventional PCR for effi-
cient production of sufficient amount of target DNA for sequenc-
ing and other analyses. Two assays for two different genome regions
of HRV have been developed with this PCR method. The 5" NCR
assay amplifies a 390 nt fragment of the 5’ noncoding region (NCR)
and the VP4-2 assay amplifies a 640 nt fragment of the capsid pro-
tein genes VP4-VP2. The 5 NCR and VP4-2 assays detect as few
as 10 copies and 50 copies of cDNA per reaction, respectively.
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The resulting PCR fragments can be sequenced directly to
provide 300 nt 5" NCR or 420 nt VP4-VP2 sequences for typing.
The 5" NCR assay is very sensitive for HRV identification. In a
recent community study by the UW team [12], 1,445 nasal sam-
ples from 209 children were analyzed and the 5 NCR assay
detected HRV in 60.7 and 35.1 % of samples from sick and
healthy children, respectively. Typing was successful in 98.7 % of
the HRV-positive samples. The VP4-2 assay is about 80 % as sen-
sitive as the 5’ NCR assay, and is useful for confirming the typing
results of the 5° NCR assay.

The UW team has developed a database of 5' NCR sequences of
152 HRV types [12] for convenient type assignment, after sequenc-
ing >3,000 HRV-positive clinical samples with no new types was
detected in the last 500 samples. These sequences have been sub-
mitted to GenBank. Their accession numbers are EU126663-
EU126789, F]968439-F]968447, and JX041186-JX041202. The
152 types include the 100 classical HRV-A and -B serotypes
(denoted R) and 52 new types (denoted W) [12]. The 52 new types
include 46 HRV-C and 6 HRV-A types [12].

The pan-HRV qPCR method was originally developed based
on the conserved sequences at the 5° NCR of the 100 classical
HRV-A and -B serotypes of ATCC [32, 35]. However, it is also
applicable to the new HRV-C types with one or two nucleotide
modifications in the forward PCR primer because the target
sequences are also conserved in HRV-Cs. Of the 100 classical
serotypes, 91 have complete sequence identity with the two
qPCR primers and the probe, and the remaining 9 serotypes
have only a single mismatch. Experimental test results showed
that the assay can accurately quantify 96 serotypes, and only a
one-base modification in the forward PCR primer is required for
quantifying the remaining 4 serotypes: HRV-18, -33,-70, and -72.
In our assays, purified HRV16 virions with known concentra-
tions are used as a calibration standard. The serially diluted
HRV16 standards are extracted, reverse-transcribed, and quanti-
fied in parallel with the respiratory samples. A typical standard
curve has a six-log linear range (from 1x10* to 1 x 10? virions)
and an efficiency of 1.9-2.1.

Like other PCR-based assays, our molecular assays are very
susceptible to contamination due to their great sensitivity.
Therefore, it is important to be vigilant to avoid contamination.
A good molecular assay laboratory necessitates an optimal lab space
arrangement with technicians that practice proper techniques and
carefully adhere to lab procedures. Please see ref. 36 for how to set
up a contamination-free clean molecular assay laboratory. In addi-
tion, a comprehensive set of negative controls should always be
performed in paralle] with the samples.
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2 Materials

2.1 Total RNA 1.
Extraction )

Eppendorf thermomixer.

. Sterile disposables:

a) 1.5-mL DNA LoBind (LB) eppi tube (Eppendort).
b) 100- to 1,000-ul barrier pipette tips.

¢) 20- to 200-pl barrier pipette tips.

d) 0.1- to 10-pl barrier pipette tips.

e) 50-ml capped tubes.

o~ o~ o~ o~ o~ o~

f) 14-ml polypropylene tubes.

. Reagents for RNA work:

(a) Trizol LS.

(b) Chloroform.

(¢) 2-Propanol.

(d) Ethanol—absolute.

(e) Glycoblue, 15 pg/ul (Invitrogen AM9515).

(f) DNase/RNase-free distilled water.

. Carrier mixture for 30 samples (sec Note 1):

To 1,140 pl 5x NA extraction buffer, add 60 pl of glycoblue
(15 pg/pl).

. Distilled water.

6. 5x NA extraction buffer:

2.2 cDNA Synthesis 1.

To 220 ml distilled water, add the following ingredients, and
filter sterilize:

(a) 125 ml 2 M Tris, pH 7.5.
(b) 150 ml 5 M NacCl.
(c) 5ml 0.5 M EDTA.

Sterile disposables:

(a) See Subheading 2.1 above.

(b) 0.2-ml thin-wall polypropylene eight-tube strips for PCR.
(c) Domed eight-cap strips for 0.2-ml PCR tubes.
)

(d) 0.5-ml DNA LoBind (LB) eppi tube (Eppendorf
022431005).

. Reagents for cDNA synthesis (se¢ Note 2):

(a) AMV-RT, 10 U/ul and 5x reaction buffer.
(b) Random hexa-primers.

(c) RNasin, 40 U /pl.

(d) 10 mM dNTP.
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2.3 Molecular Typing

2.4 Pan-HRV qPCR

N O\ U

N O U

. PCR machine.
. PCR primers for 5 NCR assay (se¢ Note 3):

(a) Forward primer mix BF1 is a mixture of 25 pM of primers
B1, B2, and B3:

*  BIl: CAAGCACTTCTGTTTCCCC.
*  B2: CAAGCACTTCTGTTACCCC.
*  B3: CAAGCACTTCTGTCTCCCC.
(b) Reverse primer FR2: ACGGACACCCAAAGTAG.

. PCR primers for VP4-2 assay:

(a) Forward primer VP4-F1: CTCCGGCCCCTGAATRYGG
CTAA.

(b) Reverse primer VP4-Rl: TCIGGIARYTTCCASYACC
AICC.

. Sterile disposables: See Subheading 3.2 above.

. Platinum PCR SuperMix HF (Invitrogen) (sec Note 4).
. DNase /RNase-free distilled water.

. Reagents for agarose gel analysis of the PCR product:

(a) 10x TBE.

(b) Agarose.

(c) 10x BlueJuice gel loading buffer (Invitrogen 10816-015).
(d) 1 kb DNA ladder.

. qPCR primers:

(a) Forward primer D110: CTAGCCTGCGTGG, 200 uM in

water.

(b) Reverse primer RVQI1: AAACACGGACACCCAAAGT
AGT, 200 pM in water.

(c) Probe RVQ2: 6FAM-TCCTCCGGCCCCTGA-MGB-
NFQ, 100 pM in water.

. 5x primer mixture:

To 950 pl DNase/RNase-free water, add the following
ingredients:

(a) 22.5 ul D110 (4.5 uM).
(b) 22.5 ul RVQI (4.5 uM).
(c) 5 pl RVQ2 (0.5 uM).

. 2x TagMan Universal PCR Master mix (Applied Biosystems

4364338).

. 2x SsoFast Probes Supermix (Bio-Rad, 172-5231).
. Microseal B film.

. 96-well PCR plate-Hard-Shell.

. DNase /RNase-free distilled water.
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3 Methods

3.1 Total RNA
Extraction

3.2 cDNA Synthesis

. Add 40 pl carrier mixture and 0.75 ml Trizol LS to each 350 pl

nasal wash sample in a 1.5-ml LB eppi tube (se¢ Note 5).

. Vortex the mixture in an Eppendorf thermomixer for 10 min

(min) at room temperature (RT).

. Microfuge for 3 s to remove sample solution from the cap, and

then open the cap of each eppi tube carefully to avoid cross
contamination.

. Add 230 pl chloroform to each sample.

. Vortex the mixture in a thermomixer for 5 min at RT.

6. Microfuge (5 min, RT) to separate the aqueous and organic

13.
14.
15.

16.

1.

phases (see Note 6).

. Transfer ~700 pl of the upper aqueous solution from the

extraction eppi tube into a new 1.5-ml LB eppi tube contain-
ing 600 pl isopropanol.

. Mix well, and then incubate at RT for >1 h (hour) for RNA

precipitation.

. Microfuge (10 min, RT) to pellet the RNA precipitant.
10.
11.
12.

Remove supernatant with a new P1000 tip for each sample.
Add 0.6 ml 75 % ethanol and then vortex vigorously for 15 s.

Microfuge for 2 min at RT and then remove supernatant with
anew P1000 tip.

Repeat steps 11 and 12 once.
Air-dry the RNA pellet.

Add 22 pl DNase/RNase-free water to each pellet and then
vortex vigorously to dissolve the RNA.

Store the RNA at -80 °C until cDNA synthesis.

Prepare an RTase reaction mixture for one reaction with the
following recipe:

(a) 12.25 pl DNase/RNase-free water.
(b) 10 ul 5x AMV-RTase buffer.

(¢) 5pl 10 mM dNTP.

(d) 1.25 pl random primers.

(e) 0.75 nl RNasin.

(f) 0.75 pl AMV-RTase.

. Add 30 pl of RTase mixture and then 20 pl of RNA into each

0.2-ml PCR tube.

. Run the following reverse transcriptase (RTase) program in a

PCR machine:
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3.3 Molecular Typing

3.3.1 Two-Step PCR
Reaction

First Step PCR

Second Step PCR

1.

(a) 25 °C for 5 min.
(b) 42 °C for 10 min.
(c) 50 °C tor 20 min.

(d) 85 °C for 5 min.

. Transfer the reaction mixture to 0.5-ml LB eppi tube and then

store at -20 °C.

Prepare a PCR mixture for one reaction with the following
recipe:

(a) 23 pl Platinum PCR SuperMix HF.
(b) 0.5 pl forward primer (25 pM).
(c) 0.5 pl reverse primer (25 pM).

For 5" NCR assay: forward primer is BF1 and reverse primer is
FR2.

For VP4-2 assay: forward primer is VP4-F1 and reverse primer
is VP4-R1.

2. Add 24 pl of PCR mixture and then 2 pl of cDNA into each

0.2-ml PCR tube.

. Start “touchdown” PCR program:

The “touchdown” PCR program starts with a “hot start” of
2 min at 94 °C, followed by “annealing temperature step-
down” cycles (the cycles are 94 °C for 20 s, 68 °C down to
52 °C (2 °Cintervals)) for 30 s, and then 68 °C for 40 s. There
are 3 cycles for each annealing temperature down to 54 °C fol-
lowed by 12 cycles at 52 °C, and then a final 5 min at 68 °C.

. Transfer the PCR product to 0.5-ml LB eppi tube and then

store at —-20 °C.

. Prepare a PCR mixture for one reaction with the following

recipe:

(a) 45 pl Platinum PCR SuperMix.
(b) 1 pl forward primer (25 pM).
(c) 1 plreverse primer (25 pM).

For 5" NCR assay: forward primer is BF1 and reverse primer is FR2.
For VP4-2 assay: forward primer is VP4-F1 and reverse primer
is VP4-R1.

2. Add 47 pl of PCR mixture and then 5 pl “touchdown” PCR

product into each 0.2-ml PCR tube.

. Run the following conventional PCR program.

(a) 94 °C for 2 min.

(b) 94 °C for 20 s.

(c) 52 °C for 30 s.

(d) 68 °C for 40 s (1 min for 1 kb fragment).
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<—1018bp
1018bp —»
<—510bp
510bp —»
396bp —>

298bp—>

Fig. 1 Typical agarose gel analysis results of the DNA products from the two-step
PCR of the molecular typing assay. RNA extraction, cDNA synthesis, and two-step
PCR were performed as described in Subheadings 3.1, 3.2, and 3.3.1. The PCR
product (4 pl) of each sample was electrophoresed in a 1.2 % agarose gel and
the gel was stained with EtBr (Subheading 3.3.2). Panel (a). The 5" NCR assay
gives a 400 bp band. Lane 1is the 1 kb DNA ladder marker (Invitrogen), /anes 2
and 3 are two different nasal samples. Panel (b). The VP4-2 assay gives a 640 bp
band. Lanes 7 and 2 are two different nasal samples, and /ane 3is the 1 kb DNA
ladder marker (Invitrogen)

3.3.2 Agarose Gel 1.

Analysis and Sequencing
of the PCR Product

(e) Repeat steps (b)—(d) 27 times.
(f) 68 °C tfor 3 min.
(g) 4 °C forever.

. Transfer the PCR product to a 0.5-ml LB eppi tube and then

store at —-20 °C.

Run 4 pl PCR product in a 1.2 % agarose gel and use ethidium
bromide staining to estimate the amount of the target PCR
fragment.

. If the sample gives a visible 400 bp band (5’ NCR assay) or

640 bp band (VP4-2 assay), it can be used for sequencing
directly (Fig. 1).

. Prepare a sequencing premix with the following recipe for one

reaction, and then send the sample to your favorite sequencing
facility (see Note 7).

(a) 16 pl DNase/RNase-free water.

(b) 5 pl 2.5 uM sequencing primer (FR2 for 5" NCR and VP4-
F1 for VP4-2 assay).

(c) 4 pl PCR reaction product.



3.3.3 Processing
of Sequences
from Sequencing Facility

3.3.4 Type Assignment
by Alignment

and Phylogenetic Tree
Analysis of the 5 NCR
Sequences Using ClustalX
Program [37]

3.4 Pan-HRV qPCR
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1. For the partial 5 NCR:

(a) Generate the “reverse complement” of the sequences from
the sequencing facility since the FR2 primer produces a
negative-sense sequence and the reference sequences are
positive sense.

(b) Remove the extra sequences upstream of CCCCGG and
downstream of GGCTAA of each sequence to generate the
approximately 300 nt sequence for alignment and phylo-
genetic tree analysis.

2. For the VP4-2 sequences:

(a) Use the sequences from the sequencing facility directly for
analysis since they are positive sense.

(b) Remove the extra sequence upstream of the start codon of
VP4 (ATGGG) and the sequence after nt# 420 of each
sequence to generate a 420 nt sequence for alignment and
phylogenetic tree analysis.

1. Prepare a sequence file (labeled XYZ) in FASTA format con-
taining your new sequences and the 152 5" NCR reference
sequences.

2. Put the sequence file in a folder (labeled XYZ-Tree).
3. Launch the ClustalX program.

4. Open the sequence file by selecting “Load Sequences” under
“File” menu, and then selecting the file XYZ in the folder
XYZ-Tree.

5. Start the alignment by selecting “Do Complete Alignment”
under “Alignment” menu with default options.

6. Construct the phylogenetic tree by selecting “Draw NJ Tree”
under “Tree” menu with default options. A tree file called
XYZ.ph will be generated after the computing is done.

7. Launch NJPLOT program (see Note 8) and then open file
“XYZ.ph.” This will generate a graphic file “XYZ.PICT” that
contains a tree structure showing the phylogenetic relation-

ship of your new sequences and the 152 reference sequences
(see Note 9).

8. Assign the type/serotype with which the sequence clustered.
Occasionally, you may have sequences of an enterovirus and,
rarely, a brand new HRV type beyond the 52 new HRV types.
See Note 10 for dealing with these new sequences.

We have good results with two different commercially available
qPCR mixes: TagMan Universal PCR Master Mix of Applied
Biosystems and SsoFAST Probes Supermix of Bio-Rad. Their reac-
tion conditions are slightly different.
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3.4.1 Reaction Using
TagMan Universal PCR
Master Mix

3.4.2 Reaction Using
Bio-Rad SsoFAST™
Probes Supermix

1.

Prepare reaction mixture with the following recipe for one
reaction:

(a) 7 pl DNase/RNase-free water.
(b) 15 nul 2x TagMan Universal PCR Master Mix.

(¢) 6 pl 5x primer mix.

. Add 28 pl of reaction mixture into each well of the 96-well

plate.

. Add 2 pl ¢cDNA into each well.
. Load the plate into a qPCR machine and operate according to

the manual.

. Thermal cycling conditions:

(a) 50 °C for 2 min.

(b) 95 °C for 10 min.

(c) Repeat steps (a) and (b) once.
(d) 95 °C for 15s.

) 60 °C for 1 min.

(e
(f) Repeat steps (d) and (e) for 40 cycles.

. The results are the number of copies of HRV genomic RNA

per 350 pl of nasal wash sample if the standard curve is con-
structed with 10%, 105, 10°, 107, 108, and 10? copies of HRV16
virion RNA per reference sample in one eppi tube.

. Prepare reaction mixture with the following recipe for one

reaction:
(a) 4 pl DNase/RNase-free water.
(b) 10 pl 2x SsoFast Probes Supermix.

(c) 4 pl 5x primer mix.

2. Add 18 pl reaction mixture into each well of a 96-well plate.

. Add 2 pl cDNA into each well.
. Load the plate into a QPCR machine and operate according to

the manual.

. Thermal cycling condition:

(a) 95 °C for 30 s (once) (see Note 11).
(b) 95 °Cfor 5s.

(c) 60 °C for 30 s.

(d) Repeat steps (b) and (c) for 40 cycles.

. The results are the number of copies of HRV genomic RNA

per 350 pl of nasal wash sample if the standard curve is con-
structed with 10%, 10°, 10°, 107, 108, and 10? copies of HRV16
genomic RNA per reference sample in one eppi tube.
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4 Notes

. 5x NA extraction buffer is added to bring the concentration of

NaCl to about 300 mM for nucleic acid precipitation. Glycoblue
is used as a carrier to help the precipitation of RNA. Its blue
color also helps to visualize the RNA pellets to avoid discarding
the pellets by mistake. However, we have found that reverse
transcriptase activity is inhibited by high concentration of gly-
coblue, so use glycoblue according to the recipe.

. We also had good results with the High-Capacity cDNA

Reverse Transcription kit with RNase inhibitor (Applied
Biosystems 4374967).

. Primers are typically ordered from Eurofins-MWG-Operon or

Sigma-Proligo. The basic “desalt” grade is sufficient for both
“touchdown” and conventional PCR.

. Itis important to use Platinum PCR SuperMix HF (Invitrogen

12532-016). We have tested a number of commercially avail-
able PCR mixes. Platinum PCR SuperMix HF consistently
gives the highest amplification efficiency.

. The optimal volume of nasal wash sample for this extraction pro-

cedure is 350 pl. It could be increased to a maximum of 400 pl.
If the sample volume is <350 pl, add PBS to bring the volume to
350 pl. It is important to record the volume of each sample used
for extraction. The number is needed for subsequent calculation
of the amount of viral RNA in each original sample.

. If your sample has a lot of cellular material, a significant amount

of white precipitants will be formed and scattered in the lower
part of the aqueous layer after the 5-min microcentrifugation.
These white precipitants are composed of cellular DNA and
protein and should not be transferred into the next eppi tube
along with the RNA-containing aqueous layer. To better sepa-
rate these white precipitants from the RNA solution, we incu-
bate the eppi tubes at RT for 30 min after the 5-min
microcentrifugation and then microfuge the eppi tubes again
for another 5 min. This step removes the white precipitants
from the lower part of the aqueous layer.

. For most of the samples, 4 pl of the PCR product gives a visi-

ble DNA band in a standard agarose gel analysis, and is suffi-
cient for preparing one sequencing reaction premix for the
sequencing facility at the Biotech Center, UW—Madison.
Different sequencing facilities may have different require-
ments. Please consult your sequencing facility for the instruc-
tion of making your sequencing reaction premixes.

. NJPLOT  program:  http://pbil.univ-lyonl.fr/software /

njplot.html.


http://pbil.univ-lyon1.fr/software/njplot.html
http://pbil.univ-lyon1.fr/software/njplot.html
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9. Since the phylogenetic tree has >152 types (reference and

unknown), its branches and labels are difficult to read because
they are crowded in the “XYZ.PICT” file. To better visualize
the tree, the “XYZ.PICT” file could be opened with Adobe
Illustrator and then adjusted (e.g., decreasing the font size of
the labels) to make the tree more legible.

10. An enterovirus sequence will appear as an outgroup branching

11.

from the HRV-B group. You can use the BLAST function of
GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to con-
firm that it is an enterovirus sequence.

The sequence of a brand new HRV type will cluster with one
of the reference sequences but with a long branch (distance)
from that reference sequence. To determine if this is a new
type, the pairwise nucleotide divergence (PND) between the
two is needed. To obtain the PND, just include the “% identity
matrix” option in “Output Format Options” under “Tree”
menu of ClustalX. This will generate a file “XYZ.pim” that has
the pairwise percent identity. PND equals to (100 % minus
pairwise percent identity). Our current cutoff for a new type is
>8 % PND from the nearest reference type [12].

Extend step (a) from 30 s to 2 min if a cloned target sequence
in the form of double-stranded plasmid DNA is used as

standard.
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Chapter 4

Molecular Genotyping of Human Rhinovirus
by Using PCR and Sanger Sequencing

Wei Wang, Jing He, Yi Liu, Lei Xu,
Wencai Guan, and Yunwen Hu

Abstract

Human rhinovirus (HRV) is the virus most often associated with acute upper respiratory tract infections.
Advances in molecular detection have shown that HRV is also the major viral cause of asthma exacerba-
tions. Genotypic assignment and identification of HRV types are of significant value in the investigation of
type-associated differences in disease outcomes, transmission, and epidemiology. Here, we describe a
genotyping process involving two separate RT-PCR assays, targeted to VP4,/VP2 and 5’ UTR regions of
HRV genome, respectively. Together with the reference sequences of each HRV species, the generated
sequences are used to construct phylogenetic tree for genotyping.

Key words Human rhinovirus, Genotyping, VP4,/VP2, 5" UTR

1 Introduction

Human rhinovirus (HRV) is the virus most often associated with
acute upper respiratory tract infections, usually causing a self-
limiting illness that is clinically similar to other viral respiratory
infections. Advances in molecular detection have shown that HRV
is also the major viral cause of asthma exacerbations [1-4].

More than 100 serotypes of HRV have been described, grouped
into three species based on their whole-genome sequencing, termed
HRV-A, HRV-B, and HRV-C (Palmenberg and Gern, this volume).
Genetic characterization of HRVs detected by molecular methods
has revealed greater diversity than previously described; approxi-
mately one-third of HRV infections are now known to be caused by
HRV-C, uncultureable in vitro, and therefore entirely missed by tra-
ditional virus isolation methods [5, 6]. HRVs within each species
show remarkable genetic and, where determined, antigenic hetero-
geneity. HRV-A and HRV-B isolates were originally characterized
serologically, with 75 and 25 serotypes, respectively, being classified

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
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by cross-neutralization assays by 1987. However, as well as being
laborious, time consuming, and requiring extensive panels of anti-
sera specific to each serotype, classification by neutralization cannot
be used for HRV-C because of their refractoriness to cell culture.

The HRV genome is a single-chain positive-sense RNA, with a
total length of about 7.2 kb containing the 5" untranslated region
(UTR), a single open reading frame (ORF), and the 3’ UTR with
a poly A tail. The similarity in amino acid sequence among HRV-A,
HRV-B, and HRV-C is less than 70 % and HRV genotypes can be
identified by the sequence of VP4 /VP2 and 5’ UTR regions of the
viral genome [7].

Genotypic assignment and identification of HRV are of signifi-
cant value in the investigation of type-associated differences in dis-
ease outcomes, transmission, and epidemiology.

2 Materials

2.1 RT-PCR

Table 1

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to attain a sensitivity of 18 MQ cm at 25 °C).

. Takara One Step PrimeScript™ RT-PCR Kit (see Note 1).
. TaKaRa Ex Taq® Kit.

. dNTP mix, 10 mM, any supplier.

. RNase-free water, any supplier.

. Synthesized DNA primers targeting to 5' UTR and VP4,/VP2
regions (Table 1), any supplier.

(O 2 B N I S

6. PCR tubes 0.2 mL appropriate for the thermocycler, any
supplier.

7. Eppendorf Mastercycler.

Primers used for HRV genotyping

Sequence 5’ — 3’

Orientation® Target Position® Product size Reference

CCGGCCCCTGAATGYGGCTAA (0N} VP4,/VP2 458 667 [8]
ACATRTTYTSNCCAAANAYDCCCAT OAS 1,125
ACCRACTACTTTGGGTGTCCGTG IS 547 540
TCWGGHARYTTCCAMCACCANCC IAS 1,087
CAAGCACTTCTGTYWCCCC N 5" UTR 179 372 [9]
ACGGACACCCAAAGTAG AS 551

108§ outer sense, OAS outer antisense, IS inner sense, IAS inner antisense, S sense, AS antisense
"The base positions of the primers were numbered according to the HRV-B serotype 14 genome (GenBank accession

number NC_001490)
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2.2 Agarose Gel
Electrophoresis

2.3 Purification
of PCR Products
by Gel Extraction

2.4 Phylogeny
Analysis

1. Agarose powder (low melting point, analytical grade), any
supplier.

2. DNA size marker, covering from 100 bp to 1 kb, any supplier
(e.g., Takara DL2000).

3. 6x Loading buffer (30 mM EDTA, 36 % glycerol, 0.035 %
xylene cyanol, 0.05 % bromophenol blue), any supplier.

4. 50x TAE butffer, PH 8.5: Weigh 242 g Tris base (MW =121.1)
and transfer to the glass beaker with stir bar to dissolve in about
600 mL of water. Add 37.2 g Na,EDTA-2H,0 and 57.1 mL
glacial acetic acid. Mix and adjust pH with NaOH. Make final
volume to 1 L with water. Store at room temperature.

5. 2 % agarose gel costaining ethidium bromide: Prepare 1x TAE
bufter by adding 20 mL 50x TAE buffer to 980 mL water in
cylinder. Weigh appropriate agarose powder and dissolve in 1x
TAE buffer in a glass beaker by gently heating in a microwave
oven to get 2 % agarose gel solution. Add ethidium bromide
with a final concentration in 0.5 pg/mL into the solution. Cast
the gel in a gel cassette with an appropriate size comb.

1. Qiagen MinElute Gel Extraction Kit (see Note 1).
2. Ethanol (96-100 %).

3. Sodium acetate 3 M, pH 5.0: Weigh 40.8 g NaAc-3H20 and
dissolve in 40 mL water. Mix and adjust pH with glacial acetic
acid. Make final volume to 100 mL with water. Autoclave and
then store at room temperature.

4. Isopropanol (100 %).
5. Microcentrifuge.
6. Water bath or dry heating block.

1. Suitable software package to analyze data (e.g., MEGA v5).

3 Methods

The genotyping process includes two separate RT-PCR assays, tar-
geted to VP4,/VP2 and 5" UTR regions, respectively, [8, 9]. The
VP4 ,/VP2 assay is composed of one-step RT-PCR reaction and a
nested-PCR reaction. The 5" UTR assay is a one-step RT-PCR
reaction. The primers used are shown in Table 1. The amplification
products are purified and sent for sequencing to a commercial
sequencing service company. Together with the reference sequences
of each HRV species, the generated sequences are used to con-
struct phylogenetic tree for genotyping. For RNA extraction from
clinical samples, please refer to Chapter 3 in this volume.
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3.1 Genotyping PCR
Based on VP4/VP2
Region

3.1.1 One-Step RT-PCR

3.1.2 Nested-PCR

3.2 Genotyping
One-Step RT-PCR
Based on 5
UTR Region

All reactions are set up on ice unless otherwise specified.

. In the pre-PCR room (se¢ Note 2), prepare the reaction mix in

25 pL reaction volume containing 12.5 pL 2x reaction buffer,
200 pM of each primer, 0.5 pL reverse transcriptase, and
0.5 pL Taq polymerase.

. In the template room, add 2.5 pL of the extracted RNA into

the reaction mix in each 0.2 mL PCR tube.

. In the thermocycler room, place the PCR tubes in the thermo-

cycler and start the program. The cycling conditions are 42 °C
for 10 min, 94 °C for 2 min, 45 cycles at 94 °C for 155, 52 °C
for 30 s, 72 °C for 30 s, and then 72 °C for 10 min.

. Prepare 2 % agarose gel in the electrophoresis area, mix 10 pL.

PCR products with 2 pLL 6x loading buffer, and then run the
gel at 120 V for 30 min. The expected product size is 667 bp.

. In the pre-PCR room, prepare the reaction mix in 25 pL reac-

tion volume containing 2.5 pL. 10x reaction bufters, 800 nM
dNTP, 200 pM of each primer, 1.5 mM MgCl, and 0.2 pL Taq
polymerase.

. In an additional template room or PCR cabinet, add 2.5 pL of

the RT-PCR product into the reaction mix in each 0.2 mL
PCR tube.

. In the thermocycler room, place the PCR tubes in the thermo-

cycler and start the program. The cycling conditions are 94 °C
for 5 min, 25 cycles of 94 °C for 15 s, 50 °C for 30 s, 72 °C for
30 s, and then 72 °C for 10 min.

. Prepare 2 % agarose gel in the electrophoresis area, mix 10 pL.

PCR products with 2 pLL 6x loading buffer, and then run the
gel at 120 V for 30 min. The expected product size is 540 bp
(see Fig. 1).

. In the pre-PCR room, prepare the reaction mix in 25 pL reaction

volume containing 12.5 pL. 2x reaction buffer, 600 uM of each
primer, 0.5 pL reverse transcriptase, and 0.5 pL Taq polymerase.

. In the template room, add 2.5 pL of the extracted RNA into

the reaction mix in each 0.2 mL PCR tube.

. In the thermocycler room, place the PCR tubes in the thermo-

cycler and start the program. The cycling conditions are 42 °C
for 20 min, 95 °C for 2 min, 40 cycles as 95 °C for 30 s, 52 °C
for 30 s, 72 °C for 30 s, and then 72 °C for 10 min.

. Prepare 2 % agarose gel in the electrophoresis area, mix 10 pL.

PCR products with 2 pLL 6x loading buffer, and then run the
gel at 120 V for 30 min. The expected product size is 372 bp
(see Fig. 2).
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3.3 Purification

of Amplification
Products by Using Gel
Extraction

1234 5678910111213 BNPM

2000

1000
750
500

200
100

Fig. 1 Electrophoresis image of one-step RT-PCR targeting to 5’ UTR region of
HRV. Lanes 1—13 show the amplification results of 13 different clinical samples.
Lane N presents the template of RNAs extracted from non-HRV-infected speci-
men. Lane P presents the template RNAs extracted from cultivated HRV strain.
Bblank, M DNA size maker from 100 to 2,000 bp

100

Fig. 2 Electrophoresis image of nested-PCR targeting to VP4/VP2 region of HRV.
Lanes 1-6 show the amplification products of six different clinical samples. Lane
N presents the template of RNAs extracted from non-HRV-infected specimen.
Lane P presents the template RNAs extracted from cultivated HRV strain. M/ DNA
size maker from 100 to 2,000 bp

1. Excise the DNA fragment from the agarose gel with a clean,
sharp scalpel.

2. Weigh the gel slice in a colorless tube. Add three volumes of
Bufter QG to one volume of gel (100 mg or approximately
100 pL).

3. Incubate at 50 °C for 10 min (or until the gel slice has com-
pletely dissolved).

4. After the gel slice has dissolved completely, check that the color
of the mixture is yellow (similar to Buffer QG without dis-
solved agarose). If the color of the mixture is orange or violet,
add 10 pL of 3 M sodium acetate, pH 5.0, and mix. The color
of the mixture will turn to yellow.
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3.4 Phylogenetic
Analysis

10.

11.

12.

. Add one gel volume of isopropanol to the sample and mix by

inverting the tube several times.

. Place a MinElute column in a provided 2 mL collection tube

in a suitable rack.

. To bind DNA, apply the sample to the MinElute column, and

centrifuge at 13,000 rpm for 1 min. Discard the flow-through
and place the MinElute column back in the same collection
tube.

. Add 500 pL of Buffer QG to the spin column and centrifuge

at 13,000 rpm for 1 min. Discard the flow-through and place
the MinElute column back in the same collection tube.

. To wash, add 750 pL of Buffer PE to the MinElute column

and centrifuge at 13,000 rpm for 1 min. Discard the flow-
through and centrifuge the MinElute column for an additional
1 min at 13,000 rpm.

Place the MinElute column into a clean 1.5 mL microcentri-
fuge tube.

To elute DNA, add 10 pL of Buffer EB (10 mM Tris—Cl, pH
8.5) or water to the center of the membrane, let the column
stand for 1 min, and then centrifuge at 13,000 rpm for 1 min.
Collect the flow-through which has the purified DNA.

Send the purified products with the PCR primers used for
sequencing.

DNA sequences used for 5 UTR region analysis are based on
HRV-14 nt 179-551 and those used for VP4,/VP2 gene analysis
are based on HRV-14 nt 547-1,087.

1.

Assemble the generated sequences by using suitable software
(e.g., Vector NT or BioEdit) and format the sequences in
Fasta file.

. Download HRV reference genome sequences from GenBank

in Fasta format. Extract the fragment sequences of the target
regions from the whole-genome sequences by using suitable
software (e.g., Vector NT or BioEdit).

. Start software MEGA version 5.0 (se¢ Note 1).

. Choose alignment|new|DNA sequence, and then click

edit|insert sequence from the files, including the reference
sequences and the sequences to analyze.

. Choose alignment|clustalW for multiple alignment analysis.

6. Choose phylogeny|construct NJ tree.

. Choose nucleotide|p-distance option, and test|Interior

Branch|1000 option, and then click computer to get the tree.
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Fig. 3 Phylogenetic analysis of 148 HRV strains based on the partial nucleotide sequences of VP4/VP2 (370 nt,
position 626—996 numbered according to the HRV-A16 reference sequence, L24917). The phylogenetic tree
was constructed using the neighbor-joining method and p-distance model with bootstrap replicated from
1,000 trees using Molecular Evolutionary Genetics Analysis version 5.0 (MEGA5); values of 75 % or greater are
shown. Genetic distance (nucleotide substitutions per site) is represented by the scale bar. The clinical HRV
strains in our study are named as SHAPHC followed by the laboratory number of specimen. For the reference
strains, red circles, magenta triangles, and blue squares designate HRV-A, HRV-B, and HRV-C, respectively

8. Choose image|save as TIFF or pdf format.

9. Based on the clusters obtained in the phylogenetic tree, iden-
tify the genotype of each sequence. See Figs. 3 and 4 for an
example of the kind of phylogenetic trees obtained.
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4 Notes

1. Although the protocol described here is for specific commercial
kits, comparable kits from any commercial supplier may be used,
keeping in mind that some optimization may be required.

2. The whole genotyping process should be performed in three
separate rooms, respectively, for mix preparation, template
RNA addition, and thermocycler running. Keep the electro-
phoresis area far from the PCR area.
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Chapter 5

Growth of Human Rhinovirus in H1-HelLa Cell Suspension
Culture and Purification of Virions

Wai-Ming Lee, Yin Chen, Wensheng Wang,
and Anne Mosser

Abstract

HelLa cell culture is the most widely used system for in vitro studies of the basic biology of human rhinovirus
(HRV). It is also useful for making sufficient quantities of virus for experiments that require highly con-
centrated and purified virus. This chapter describes the protocols for producing a large amount of HeLa
cells in suspension culture, using these cells to grow a large quantity of virus of HeLa-adapted HRV-A and
-B serotypes, and making highly concentrated virus stock and highly purified virions. These purified HRV
virions are free of cellular components and suitable for experiments that are sensitive to cellular
contaminations.

Key words HelLa cells, Suspension culture, High-titer virus stock, Purified virions

1 Introduction

Human rhinovirus (HRV) is a large group of small RNA viruses
that infect airway epithelial cells and are a major cause of respira-
tory illnesses [ 1-6]. HRV belongs to the picornavirus family and
has about 150 distinct types or members. They are divided into
three species: A (75 types), B (25 types), and C (about 50 types)
according to serological and genome sequence variations [2, 5-13].
The 100 HRV-A and HRV-B types were isolated and assigned as
serotypes between 1956 and 1987 by traditional cultural, bio-
chemical, and serological methods [14-16]. They are small
(15-30 nm) RNA viruses that are ether resistant but acid sensi-
tive. They grow optimally at 32-35 °C. Each serotype was
defined by 20-fold or greater differences in antiserum neutraliza-
tion titers during reciprocal cross-neutralization tests against the
other 99 serotypes [8, 16]. The prototype strains of these sero-
types are available at ATCC. The 50 HRV-C types were identified
recently with modern PCR and sequencing techniques [2, 17-20].

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2_5, © Springer Science+Business Media New York 2015
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Their sequences are more closely related to those of HRV-A and
-B serotypes than to other GenBank sequences. HRV-C does not
grow in traditional primary cell cultures and continuous cell lines.
They were recently found to grow in differentiated airway epithe-
lial cells in air-liquid interface culture or sinus organ culture (21—
23; also see Ashrat et al., Chapter 6). Several additional HRV-A and
HRV-B types have been identified by PCR and sequencing tech-
niques [2]. However, they have not been characterized by tradi-
tional culture methods.

The HeLa cell was the first established continuous human cell
line and it is the most widely used cell for studying human cellular
and molecular biology [24, 25]. It has contributed to over 60,000
research papers so far [25]. Since it was developed in 1951, it has
been distributed to many different laboratories around the world
and evolved into many strains under different culture conditions.
The HRV-sensitive HeLa cell strain (H1) was first developed as a
monolayer culture in Dr. Vincent Hamparian’s lab in the early
1960s [26-28] and subsequently adapted to growth in suspension
in Dr. Roland Rueckert’s lab in the late 1960s [29]. It has become
the standard for propagating HRVs and studying HRV biology.
HRV-A and -B serotypes typically need several passages to adapt to
HeLa cells. Once adapted, they usually grow to reasonably high
titers and form visible plaques in HeLa cell monolayer, thus mak-
ing them suitable for molecular biology studies. Studies of HeLa-
adapted serotypes 1A, 2, 3, 14, 16, and 39 have provided most of
our current knowledge about HRV biology: receptor interaction,
entry, uncoating, viral protein synthesis, viral RNA replication,
host range determinants, capsid assembly, atomic structures, and
antigenicity of the virions [8, 30—44].

The H1-HeLa cell has a number of features that make it a good
system for HRV molecular biology studies. First, unlike primary air-
way epithelial cells, H1-HeLa cells produce a negligible amount of
interferon to inhibit HRV infection and replication. Second, infected
H1-HeLa cells yield five to ten times more progeny virus than any
other cell types that are known to be permissive for HRV growth
such as fetal lung fibroblast diploid cells (MRC-5 and WI-38) and
epithelial cells. Third, H1-HeLa cells are highly susceptible to HRV
infection due to the presence of a high density of viral receptors
(both major and minor) on their surfaces. Typically, a moderate
MOI of 10 PFU (plaque-forming unit) HRV per cell causes a simul-
taneous infection of >90 % of cells in an H1-Hela culture. Fourth,
H1-HelLa cells grow easily to a high density (5x10° cells per ml) in
a simple suspension culture in a 37 °C shaker, very much like a
bacterial culture. Lastly, HI-HeLa cells from suspension culture
readily form stainable monolayers on dishes that support the devel-
opment of visible plaques from adapted HRV serotypes.

Currently, growing HRV in H1-Hela suspension culture is
the only practical way to make sufficient virus for virion purifica-
tion and experiments that require highly concentrated virus.
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Fig. 1 Single-step growth curves of HRV-14 and HRV-16 in H1-HeLa cell suspen-
sions. Virus (15 PFU/cell) was attached to cells in PBSA1 at 23 °C for 1 h (shaded
zone). After unattached viruses were removed by centrifugation and washing
with PBSAT1, virus-cell complexes were resuspended in warm (35 °C) growth
medium to initiate virus growth (zero time). Infectivity (PFU/cell) was determined
by plaque assay of supernatant fluids on H1-HeLa cell monolayers after freeze-
thawing and clarifying samples of infected cells withdrawn at the indicated
times. The infectivity at —1 h (gray zone) indicates the titer of input virus after
diluting into PBSA1 before mixing with cells

Compared to closely related poliovirus I, HRVs have significantly
lower progeny virus yields. The virion yield of the most productive
HRYV strain, the Hela-adapted HRV-14, is about 20-30 % of that
of poliovirus I. Typically one liter of H1-HeLa cell suspension cul-
ture (in three 500-ml flasks) produces 5 x 108 cells. The cells can be
easily concentrated 100-fold with a 5-min low-speed centrifuga-
tion into 10 ml for efficient HRV infection. The infected cells are
then cultured in a very-high-density suspension (5x10° cells per
ml) for viral growth. Since HRVs are not lytic, >95 % of the prog-
eny viruses remain inside the infected cells when the viral growth
cycle is completed (about 8 h after infection, Fig. 1). Thus a 5-min
low-speed centrifugation is sufficient to concentrate 1x 10! PFU
of virus into a small cell pellet. The viruses can then be released
from the infected cells for making a high-titer stock by three freeze-
thaw cycles or for virion purification by a simple NP-40 detergent
lysis. The virions can be purified from the cellular components by
a two-step centrifugation process (sucrose cushion and then gra-
dient). Typically, 5x10® H1-HeLa cells yield about 200 pg of
highly purified virions. In contrast, sixty 100-mm dishes would be
needed to produce the same amount of virus if monolayer cultures
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Fig. 2 Purity of HRV-1A, 1B, 14, and 16 virion preparations after sucrose cushion
and gradient purification. HeLa-adapted HRV lab strains were grown in H1-HelLa
cell suspension cultures (Subheading 3.2.1). Virions were released from infected
cells (Subheading 3.2.4) and then purified by centrifugation through a sucrose
cushion and then a sucrose gradient (Subheadings 3.3.1 and 3.3.2). The sucrose
gradient fractions containing the virions were isolated. The virion concentration
was determined by 0D, absorbance (Subheading 3.3.3). Two pg of virion from
each serotype were analyzed using PAGE and Coomassie blue staining. Only viral
capsid proteins and BSA (an ingredient of the sucrose gradient buffer) were
detected. The VP2 and VP3 of HRV14 migrated at the same position [35]

are used. Obviously, handling 60 dishes would require much more
work and time than working with three 500-ml flasks.

The purified HRV virions are ideal for experiments that require
homogeneous virus free of cellular components, such as X-ray
crystallographic determination of the structures of the HRV virion
and its complexes with antibodies or receptors; in vitro studies of
the interaction between HRV and human airway epithelial cells,
PBMCs, macrophages, neutrophils, and dendritic cells; and studies
of in vivo immune responses to HRV infection in a mouse model
system and immunization of animals for making antibodies and
hybridoma cells [31, 33-36, 40, 41, 45-50].

This chapter describes the protocols for producing a large
amount of H1-HelLa cells in suspension culture, using these cells
to grow a large quantity of virus of HRV-A and -B serotypes, mak-
ing highly concentrated virus stock, purifying the HRV virions
from cellular materials, and determining the concentration of the
HRV virions. These protocols are routinely used to produce highly
purified virions of HeLa-adapted HRV serotypes 1A, 1B, 2, 14,
and 16 (Fig. 2) in our laboratory.
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2 Materials

2.1 Suspension
Gulture of H1-Hela
Cells

10.

11.

. H1-HeLa cells (ATCC CRL-1958) (se¢ Note 1).

. Incubator shaker (e.g., New Brunswick G24).

. =80 °C freezer.

. Liquid nitrogen tank.

. A benchtop refrigerated centrifuge (e.g., Beckman Allegra).
. Sterile disposables for tissue culture:

(a) 500-ml disposable polycarbonate Erlenmeyer flask, Vent
Cap (e.g., Corning 431145).

(b) 250-ml disposable polycarbonate Erlenmeyer flask, Vent
Cap (e.g., Corning 431144).

(c) 250-ml sterile disposable centrifuge tubes.
(d) 14-ml polypropylene tubes.

(e) 15-ml blue cap tubes.

(f) 50-ml Falcon blue cap tubes.

(
(h) 5-ml sterile pipettes.
(1) 1-ml sterile pipettes.
(J
(k) 2-ml cryovials.

)
)
)
)
g) 10-ml sterile pipettes.
)
)
) Aluminum foil.
)
(1) 1.5-ml microfuge tubes.

. Medium B-NCS:
To 500 ml sMEM (Invitrogen 11380037), add the following
ingredients:

(a) 5 ml nonessential amino acids (Invitrogen 1114050).
(b) 5 ml L-glutamine (Invitrogen 2503081).

(¢) 5 ml penicillin, streptomycin (Invitrogen 15140163).
(d) 5 ml pluronic F68 (Invitrogen 24040-32).

(e) 50 ml newborn calf serum (Invitrogen 16010-159).

. Medium B-NCS-DMSO (see Note 2):
To 40 ml medium B-NCS, add 10 ml DMSO (dimethyl
sulfoxide).

. PBSI: PBS with calcium and magnesium.
PBSA1 (0.1 % BSA):
To 500 ml PBSI, add 6.7 ml 7.5 % bovine albumin fraction V.

PBSA2 (0.01 % BSA):
To 500 ml PBSI, add 0.67 ml 7.5 % bovine albumin fraction V.
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2.2 Production
of High-Titer HRV-
Infected Gell Lysate

2.3 Production
of Highly Purified
HRV Virions

1.

2.

O 0 NN O

12.

13.

14.

See Subheading 2.1 above for incubator shaker, sterile dispos-
ables, centrifuge, PBSI, PBSA1, and PBSA2.

Medium B-FBS:
To 500 ml sMEM (Invitrogen 11380037), add the following
ingredients:

(a) 5 ml nonessential amino acids (Invitrogen 1114050).
(b) 5 ml L-glutamine (Invitrogen 2503081).

(c) 5 ml penicillin, streptomycin (Invitrogen 15140163).
(d) 5 ml pluronic F68 (Invitrogen 24040-32).

(e) 50 ml fetal bovine serum (Invitrogen 10437-028).

1 M HEPES bufter, pH 7.2-7.5 (Invitrogen 15630-080).

. High-speed centrifuge.
. Ultracentrifuge (Beckman 1.90).

. Gradient Master system (BioComp Instruments, www.bio-

compinstruments.com).

. See Subheading 2.1 above for sterile disposables, PBSI, PBSA1,

and PBSA2.

. Filter units for sterilization:

(a) 500-ml 0.20-um filter unit.
(b) 1,000-ml 0.20-pm filter unit

. SW41 Ultra-Clear centrifuge tubes (Beckman 344059).
. RNase A, dissolved in sterile TE to 10 pg/pl.

. 10 % NP-40 (Nonidet P40) in deionized water.

. 10 % N-lauroylsarcosine sodium salt in deionized water.
10.
. TE bulfter:

2-Mercaptoethanol.

To 494 ml deionized water, add the following ingredients, and
then filter-sterilize.

(a) 5ml 1 M Tris—=HCI, pH 8.0.
(b) 1 ml 0.5 M EDTA.

Bufter 4:
To 390 ml deionized water, add the following ingredients,
and then filter-sterilize.

(a) 10 ml 1 M Tris acetate, pH 7.5.
(b) 100 ml 5 M NaCl.
30 % (w/v) sucrose cushion solution:

Dissolve 180 g sucrose in buffer 4 to a final volume of 600 ml,
and then filter-sterilize.

7.5 % sucrose solution (w/w):
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Dissolve 7.5 g sucrose in 92.5 ml PBSA2, and then
filter-sterilize.

45 % sucrose solution (w/w):

Dissolve 45 g sucrose in 55 ml PBSA2, and then
filter-sterilize.

3 Methods

3.1 Suspension
Gulture of H1-Hela
Cells

3.1.1 Maintenance
of a Suspension Cell Stock

3.1.2  Production
of Large Quantity of Cells
for Virus Production

3.1.3 Cryo-Preservation
of H1-HeLa Cells

. Thaw a cryovial of cells (1.5x 107 cells) at room temperature

(RT) (see Note 3).

. Transfer the cells into a 15-ml blue-cap tube containing 8 ml

of medium B-NCS, cap tightly, and then invert the tube sev-
eral times to mix the contents.

. Pellet cells (500xg, 4 °C, 5 min).
. Discard supernatant and wash the cell pellet gently into a 250-

ml Erlenmeyer flask/vent cap containing 150 ml medium
B-NCS.

. Cover the cap with a small piece of aluminum foil (se¢ Note 4).

6. Incubate the flask in an incubator shaker (230 rpm, 37 °C) for

2-3 days.

. Count the cells with a hemocytometer every day from day 2

(see Note 5).

. When the cell count reaches 500 per pl, pass the cells by dilut-

ing them to 50 cells per pl with fresh medium B-NCS.

When a large quantity of cells is needed for virus work, cells are
grown in 500-ml Erlenmeyer flask/vent cap containing 350 ml
medium B-NCS, moditying step 4 of Subheading 3.1.1.

1.

Grow 350 ml of H1-HeLa cell suspension culture to 400 cells
per pl (see Note 6), a total of 1.4x 108 cells.

. Pellet cells (500xg, 4 °C, 5 min) in two 250-ml centrifuge

bottles.

. Resuspend and wash cells into a 50-ml blue-cap tube with 6 ml

cold medium B-NCS.

. Add 8 ml cold medium B-NCS-DMSO and then gently swirl

the tube to mix.

. Use a 5-ml pipet to aliquot 1.5 ml of cells into each chilled

cryovial (1.4 x 107 cells per vial). Cap tightly.

. Place the cryovials into a chilled freezer box and then store at

-80 °C overnight.

. Place the frozen cryovials into a liquid nitrogen tank for long-

term storage.
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3.2 Production
of High-Titer Infected
Cell Lysate

3.2.1 To Grow HRV
in Suspension H1-HelLa
Cell Culture

3.2.2 Harvesting Virus

3.2.3 Production

of Infected Cell Lysate
for Future Use as Virus
Stock

8.

10.

One week later, remove a vial from the liquid nitrogen tank to
check cell viability by starting a new suspension culture as
described in Subheading 3.1.1.

. Grow one liter of H1-HeLa cells to 500 cells /pl (total = 5x108

cells).

. Pellet cells (500x4, 4 °C, 5 min) in four 250-ml centrifuge

bottles.

. Wash cells into a 50-ml blue-cap tube with PBSI to a final

volume of 40 ml.

. Pellet cells (500xyg, 4 °C, 5 min) and then decant all

supernatant.

. Wash the cells into a 500-ml Erlenmeyer flask/vent cap with

PBSI to a final volume of 8.5 ml.

. Add high-titer virus solution at MOI of 15, e.g., 1.5 ml of

5x10° PFU per ml (see Note 7).

. Rock the flask slowly (see Note 8) at RT for 1 h (hour) for

virus attachment.

. Meanwhile, warm 90 ml medium B-FBS to 35 °C.
. Add the warm medium B-FBS to the flask and cover the cap

with aluminum foil after 1-h attachment period.

Incubate the flask in an incubator shaker (120 rpm, 35 °C)
for 8 h.

. Transfer the infected cells into two 50-ml blue-cap tubes.

2. Pellet cells (500x 4, 4 °C, 5 min).

N Ul W

. Wash the pellets into a 14-ml tube with PBSI to a final volume

of 10 ml.

. Store at —80 °C until Subheading 3.2.3 or 3.2.4.

. Thaw infected cells by incubating the tubes in 35 °C water

for 5-10 min (see Note 9).

. Add 100 pl 1 M HEPES bufter, pH 7.2.

. Vortex the tubes vigorously.

. Freeze the tubes at -80 °C for 20 min.

. Repeat steps 1, 3, and 4 once and then steps 1 and 3 once.

. Pellet the cell debris in a high-speed centrifuge (10,000 rpm,

4°C, 10 min).

. Aliquot supernatant into 1.5-ml eppi tubes, and then store at

-80 °C for future use.



3.2.4 Production
of Infected Cell Lysate
for Virion Purification

3.3 Production
of Highly Purified
HRV Virions

3.3.1 Partial Purification
with Sucrose Cushion

3.3.2 Further Purification
of Virions with Sucrose
Gradient
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1.

Add 0.5 ml 10 % NP-40 to infected cell suspension
(see Note 10).

. Break up cells by pipetting up and down 20 times with a 5-ml

pipet.

. Pellet the cell nuclei in a high-speed centrifuge (10,000 rpm,

4°C, 10 min).

. Transfer the clarified supernatant into a new 14-ml tube, and

then store at -80 °C until purification.

. Thaw the clarified cell lysate at 35 °C.
. Add 400 pg RNase A into 10 ml of the clarified cell lysate from

5x 108 cells and incubate the tube in 35 °C water for 30 min
to disrupt ribosomes (see Note 11).

. Add 1 ml 10 % N-lauroylsarcosine and 20 pl 2-mercaptoetha-

nol and then mix gently (se¢ Note 12).

4. Pour 7-8 ml lysate into an SW41 centrifuge tube (sec Note 13).

—

. Add a layer of 1 ml of 30 % (w/v) sucrose /buffer IV under the

cell lysate in the bottom of the tube using a 1-ml disposable
pipet.

. Fill the tube to ~2 mm from the top with the rest of lysate and

then PBSA2.

. Ultracentrifuge (40,000 rpm, 16 °C) in an SW41 rotor for 2 h.
. Decant all supernatant, and then add 50 pl PBSA2 to the

pellet.

. Cover the centrifuge tube with saran wrap and store the tube

at —80 °C until sucrose gradient purification.

. Resuspend the virus pellet with PBSA2 and transfer the virus

solution into a 1.5-ml eppi tube to a final volume of 500 pl
(see Note 14).

. Vortex the eppi tube vigorously for 20 s (sec), and then

microfuge (10,000 x g, 4 °C) for 2 min to remove the insoluble
debris.

. Make a 7.545 % (w/w) sucrose gradient in an SW41 tube

using a Gradient Master system according to the manufactur-
er’s instruction and see Note 15.

. Remove 0.7 ml sucrose solution from the top of the gradient

to make room for the virus solution.

. Layer the clarified virus solution on the top of the sucrose

gradient, and then load the SW41 tube into an SW41 rotor.

. Ultracentrifuge (40,000 rpm, 16 °C) for 2 h.

. Remove the tube from the ultracentrifuge, and then visualize

the virion band in the dark with a flashlight shining toward the
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3.3.3 Measurement 1.

of the Virion Concentration

tube from above, and mark the position of the band with a
magic marker (see Note 16).

. Remove the sucrose above the band carefully with a P1000

pipetman, stopping 2—3 mm above the band.

. Harvest the virion band carefully with a P1000 pipetman (typi-

cally about 1.2 ml).

Dilute the virion solution two- to tenfold with PBSA2 to make
the ODy600m Value between 0.1 and 1 for measurement. PBSA2
is used as the blank (see Note 17).

. Measure the virion concentration by ODyg ,,, using a tradi-

tional spectrophotometer or a NanoDrop spectrophotometer.

. Calculation of the virion concentration:

1 OD,4p unit=0.133 pg virions/pl=9.4 x 10° virions /pl.

4 Notes

. The ATCC CRL-1958 cell line is a derivative of the original

HRV-sensitive HeLa cells developed in Dr. Vincent Hamparian’s
lab in the early 1960s. The original cells were propagated as
monolayer culture in Hamparian’s lab. Subsequently, they were
adapted to growth in suspension [29] and cured from myco-
plasma infection [35] in Dr. Roland Rueckert’s lab. ATCC
obtained a stock from Rueckert’s lab in the early 1990s and
expanded it in monolayer culture to generate the CRL-1958
cell line. Therefore, ATCC CRL-1958 cells will need readapta-
tion if they are to be grown in suspension culture.

. Mixing DMSO and medium releases heat that kills cells.

The medium/DMSO mixture needs to be chilled to 4 °C
before use.

. Avoid unnecessarily prolonged incubation of cells in the freez-

ing medium after it has been thawed. A high concentration of
DMSO is harmful to cells at RT.

. The aluminum foil cover helps to slow down the CO, release

through the filter of the cap and thus to maintain a proper pH
for cell growth.

. Healthy H1-HeLa cells double about every 22 h. Well-

maintained cells can typically be passaged up to 40 times.

. Use only cells that are still at log phase of growth for making

cell stock.

. We use non-purified high-titer infected cell lysate as the stock

for infecting cells to make more viruses. HRV can be stored in
a =80 °C freezer for years without losing infectivity. But HRV
starts to lose infectivity within weeks at =20 °C.
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Chapter 6

Propagation of Rhinovirus-C Strains in Human Airway
Epithelial Cells Differentiated at Air-Liquid Interface

Shamaila Ashraf, Rebecca Brockman-Schneider,
and James E. Gern

Abstract

Rhinovirus-C (RV-C) were discovered recently using molecular methods. Classical methods failed to
detect them since they could not grow in standard cell culture. The complete genome sequences of several
RV-C strains are now available but there is little information about their biological characteristics. HRV-C
were first grown in organ culture, and more recently, we developed a system for culturing RV-C strains in
differentiated epithelial cells of human airway at air-liquid interface (ALI). These cultures supported effi-
cient replication of RV-C strains as determined by quantitative RT-PCR. This system has enabled study of
the biological characteristics of RV-C strains, including quantitative research.

Key words Rhinovirus, Air-liquid interface, Differentiated cultures, Human airway epithelium,
Quantitative RT-PCR

1 Introduction

Rhinoviruses (RV) are the causative agents of common colds and
are the most frequent cause of acute asthma exacerbations in both
children and adults [1, 2]. RV strains are phylogenetically classified
into three species: A, B, and C. RV-A and RV-B have been recog-
nized for many years, and are characterized by cross-neutralization
tests into 100 serotypes. RV-C strains were more recently discov-
ered with the use of molecular techniques (see also Palmenberg and
Gern, Chapter 1). They have circulated unrecognized in the popu-
lation due to inability to culture them in standard cell lines.
Evidence from clinical data is accumulating that RV-C are
more virulent than the other species since they cause more acute
asthma exacerbation [3] and RV-A and RV-C cause more severe
illness in infancy than RV-B [4]. Hence it is important to study
their biology. RV-C can be grown in organ culture of human
sinus epithelium obtained as a by-product of human sinus sur-
geries [5]. Although this system provided an important tool for
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Cilia

Epithelial cells

Synthetic
membrane

RV-C research, limited amount of tissue and variability between
donor samples made it difficult to standardize for quantitative
research. Therefore, we developed a cell culture system to grow
RV-C strains that overcame these problems.

Human sinus or bronchial epithelial cells (HSEC/HBEC)
grown at an air-liquid interface (ALI) differentiate as early as
21 days in culture to form a pseudo-stratified epithelium with cilia
protruding from the apical surface, and containing goblet and
mucus-producing cells (Fig. 1) (reprinted from Virology, 436,
Ashraf, S. et al., Biological characteristics and propagation of
human rhinovirus C in differentiated sinus epithelial cells, 143—
149, Copyright 2013, with permission from Elsevier). These cul-
tures support 1-2 logs replication of RV-C (C15 or Al6) strains
over 24—48 h of inoculation (Fig. 2) [6] (reprinted from Virology,

e 100 pm

Fig. 1 Photomicrograph of human sinus epithelium (HSE) after differentiation at ALI. A cross section of tissue
was stained with hematoxylin and eosin at 600x magnification
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Fig. 2 RV infection of ALI cultures. HSE ALI cultures (n=6) at 21 days of age were
infected with RV-C15 (2.0 x 108 RNA copies) or RV-A16 (3 x 108 RNA copies) at
34 °C. Cell-associated virus was analyzed 4 h and again 24-48 h post-infection
(PI). *P=0.001, **P<0.005 compared to viral RNA post-inoculation
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436, Ashraf, S. et al., Biological characteristics and propagation of
human rhinovirus C in differentiated sinus epithelial cells, 143-149,
Copyright 2013, with permission from Elsevier).

HSEC/HBEC-ALI cultures have several advantages over the
organ culture system. The undifferentiated cells from the tissue
snippets can be expanded to form a larger pool of cells, enough for
making multiple plates from the same donor. Secondly, the stocks
of undifferentiated cells can be cryopreserved and used later, allow-
ing multiple tests on different days. These cultures yield a uniform
number of differentiated cells that consist entirely of epithelial
cells, thus providing a more uniform substrate for viral replication.
Moreover, the ALI replication system generates reproducible and
reliable data since the amount of virus replication observed from a
given donor with the same inoculating dose is consistent over time.
Altogether, this system permits experiments involving quantitative
studies of RV-C replication, pathogenic mechanisms, host-virus
interactions, and testing of antiviral drugs.

2 Materials

2.1 Reagents

2.2 Media

Penicillin/streptomycin (10,000 U pen,/10 mg strep).
Human placental collagen, Type VI (5 % solution) (Sigma).
BEBM™ (bronchial epithelial cells growth medium) (Lonza).
SingleQuots™ supplements and growth factors (Lonza).
Insulin (100 U/ml).

MEM (Ca?* and Mg** free).
DMEM/F12 (with L-glutamine and 15 mM HEPES).

DMEM (Dulbecco’s modification of Eagle’s medium with 4.5 g/1
glucose and 1-glutamine without sodium pyruvate).

1. Complete media. Add 2.5 ml of fetal calf serum, 0.5 ml of
100x MEM nonessential amino acids, and 6 U of insulin
(60 pL of 100 U/ml stock) to 47 ml of DMEM-F12 with
pen/strep (5 ml per 500 ml bottle of media). Keep refrigerated
at 4 °C.

2. Retinoic acid: Prepare 25 mg/ml stock solution in
DMSO. Make a 1,000x dilution of the stock using PBS (with
Ca?*/Mg?*), aliquot 0.5 ml, and freeze at -80 °C.

3. ALI medium (BEGM/DMEM): Make complete BEGM by
adding SingleQuots™ to bottles of BEBM and DMEM. Mix
these two solutions in a 1:1 ratio. Keep at 4 °C. Add 6 pl reti-
noic acid per 10 ml medium (final RA concentration=50 nM,
see Note 1) right before use.
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2.3 Supplies

4. Pronase/DNase enzyme solution: Add 56 mg Pronase and

4 mg DNase in a small beaker and then add 40 ml MEM (Ca?*
and Mg?* free). Cover the beaker with parafilm and stir with
magnetic stir bar until dissolved. Solution should be gassed
with 5 % CO,/95 % O, for 3 min until the solution turns
bright red color. Sterilize by passing through a 0.2 pum filter
and add 400 pl pen/strep. Cap tightly and keep at 4 °C till
used (see Note 2).

. Human placental collagen solution: Dissolve 10 mg of human

placental collagen in 20 ml sterile water with 40 pl glacial ace-
tic acid. Cover the beaker with parafilm and stir until collagen
is dissolved. Dilute collagen solution 1:10 with sterile H,O
(20 ml in 180 ml), filter sterilize (0.2 pm filter), and store at
4°C (see Note 3).

Transwell-Clear 12-well plates with inserts (12 mm diameter,

0.4 pm pore size, sterile polyester membrane).

12-Well tissue culture plates.
75 ¢m? Cell Bind® flasks.
Filter units (0.2 pm).

50 ml conical tubes.
Scalpels.

Forceps (sterilized).

Tissue culture dishes (100 x20 mm).
Shaker and stir bar.
Serological pipets (sterile).
Pasteur pipets (sterile).
Hemacytometer.

Trypan blue solution.
Micropipets and tips.
Cryovials (2 ml).

Gloves.

3 Methods

3.1 Organ Specimen
Preparation

Carry out all procedures using aseptic technique in a tissue culture
hood.

1. Aspirate the storage media from the tube containing the tissue.

Place the airway tissue specimen in 30 ml cold, sterile PBS in a
50 ml conical tube to rinse away red blood cells, mucus, and
debris. Aspirate PBS with the help of a sterile Pasteur pipette.
Wash the specimen three times (see Note 4).
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3.2 Digestion
with Pronase/ DNase

3.3 Freezing Cells

3.4 Thawing GCells

2.

Place the tissue into a sterile tissue culture dish and observe
under the microscope to check the epithelium and ciliary beat-
ing. Trim away cartilage or undesired tissue using a disposable
sterile scalpel and loosen the blood clots as needed (see Note 5).

. Wash gently with PBS again.

. Cut the tissue specimen into small 4 x4 mm size pieces and

carefully place the pieces in a new tube with freshly prepared
Pronase /DNase solution. Incubate these pieces at 4 °C from
24 to 96 h with occasional shaking to dissociate the cells
(see Note 6).

. After incubation, add fetal calf serum to a final concentration

of 10 % to the tube containing the tissue specimen and shake
it vigorously to dislodge cells. Let the big chunks settle down
and remove the cell suspension carefully with a Pasteur pipet
without disturbing the larger chunks and place in a new
50 ml tube.

. Rinse the remaining tissue chunks with 10 ml DMEM /F12 to

collect additional cells and pool them with the other cells.
Centrifuge pooled cells for 10 min at 200 x4 at 4 °C.

. Aspirate off medium and resuspend cell pellet in 10 ml of

complete media. Transfer cells to an uncoated tissue culture
plate and incubate at 37 °C, 5 % CO,, for 1-6 h to remove
fibroblasts.

. After incubation, carefully collect unattached cell suspension.

Rinse off the plate gently with some DMEM /F12 and pool
together in a 50 ml tube. Centrifuge for 10 min at 200 xg
at 4 °C.

. Aspirate off medium, resuspend cells in 10 ml DMEM /F12, and

count the viable cells using trypan blue on a hemacytometer.

. Centrifuge cells again, aspirate medium, and resuspend in

BEGM at the desired concentration for plating or freezing
(see Note 7).

. Resuspend cells in BEGM at a concentration of 500,000 cells

per ml (see Note 8).

. Add 1 ml cell suspension, 0.6 ml fetal calf serum, and 0.18 ml

DMSO to each cryovial, freeze them at —80 °C overnight, and
transfer to a liquid nitrogen tank until needed.

. Quickly thaw cells by transferring a frozen vial from -80 °C to

a water bath at 37 °C. Aseptically transfer cells to a 50 ml tube.
Add 10 ml of warmed DMEM /F12 medium dropwise to the
cells with a Pasteur pipette while gently agitating the tube.

. Centrifuge tube for 10 min at 200 x4 at 4 °C.
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3.5 Collagen Coating
of Transwell Inserts

3.6 Culture

of Human Airway
Epithelial Cells at
Air-Liquid Interface
(ALl) on Collagen-
Coated Transwell
Inserts

10.

. Carefully remove supernatant and resuspend the cell pellet in

10 ml of warmed BEGM. Transfer cells to a T-75 cm? Cell
Bind® flask and incubate flask at 37 °C incubator supplied with
5 % CO,. The cells should attach and begin to grow after 24 h;
aspirate and replace BEGM at this time.

. Replace medium in the flask every 2 days as needed depending

on the growth of the cells. Split or freeze the cells when they
are 80 % confluent.

. Add 300 pl of 5 % human placental collagen Type VI to each

insert in a 12-well plate and incubate at 37 °C, 5 % CO,, for
24 h.

. Remove collagen solution from inserts and air-dry completely

in tissue culture hood for 30 min.

. Rinse dried inserts twice with 500 pl PBS and once with 250 pl

BEGM.

. Remove medium from 80 % confluent monolayers of human

sinus or bronchial (HSE/HBE) cells from a T-75 cm? Cell
Bind® flask. Wash the flask gently with 2.5 ml trypsin, aspirat-
ing it off quickly.

. Trypsinize the cells with just enough trypsin (4 ml) to cover

the cells for 3-5 min in the 37 °C incubator, checking fre-
quently and tapping flasks firmly, just until cells are observed to
float freely.

. Transfer cells to a 50 ml conical tube containing 10 ml of

DMEM/F12 and 10 % FCS to inactivate trypsin and centri-
fuge at 200 x g4 for 10 min.

. Resuspend the pellet in 10 ml of DMEM /F12, remove an ali-

quot for counting cells, and then centrifuge the cells at 200 x g
for 10 min (see Note 9).

. Gently resuspend the cells in BEGM at a concentration of

750 K cells/ml.

. Add 200 pl of 750 K cells/ml cell suspension per well for a

12-well plate insert (1.13 cm?).

. Add 1 ml BEGM to the outer wells and incubate at 37 °C, 5 %

CO,, for 24 h (see Note 10).

. Aspirate medium from both outer well and insert. Add 1 ml of

ALI medium to the outer well leaving cells at air-liquid inter-
face and incubate at 37 °C (see Note 11).

. Remove media from outer well, and remove any seepage inside

the insert every other day during the first week and three times
a week after that (see Note 12).

Cultures should start developing cilia by day 17 in culture and
will exhibit increased trans-epithelial resistance (see Note 13).
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3.7 RV-C Inoculation 1.

Observe mature ALI cultures under the microscope for actively
beating cilia. If present, remove medium from the basal com-
partment of the ALI cultures and wash the cells gently three
times with PBS (Ca*?/Mg*? free) to remove mucus.

Dilute RV-C to a desired concentration (1x 10® RNA copies)
in BEGM with 0.01 % BSA and apply 100 pl of the inoculum
to the apical surface of the ALI culture. Next, rock the plate
gently on a shaker for 15 min at room temperature and then
transfer the plate to an incubator (34 °C, 5 % CO,) for 4 h
(see Note 14).

. Wash the cultures thrice with PBS (Ca*2/Mg* free) and col-

lect samples to assess cell-associated virus in 350 pl RLT buffer

(Qiagen).

. Feed the remaining samples basally with 1 ml of ALI medium

and incubate at 34 °C for 24-72 h.

. After aspirating the media, collect the cells in 350 pl of RLT

buffer for RNA extraction and qRT-PCR analysis.

Extract total RNA from the ALI cultures using the RNeasy
Mini kit (Qiagen).

. RV-RNA concentrations are determined by qRT-PCR using

RV-specific primers (5; see also Lee et al., Chapter 3).

of Differentiated

Human Airway

Epithelial Cells at

Air-Liquid Interface 2.
3
4
5

3.8 RNA Extraction 1.

and qRT-PCR
2

4 Notes

. Retinoic acid is very sensitive to UV light, air, and heat, so

work quickly in tissue culture hood in low light to limit its
oxidation and keep aliquots on ice while working.

. Pronase /DNase solution should be prepared fresh each time

right before use.

. Collagen-coated inserts can be stored at 4 °C.

. Organ specimens should be freshly harvested and have viable

ciliary beating. All specimens should be free from respiratory
viruses and we recommend screening using a multiplex PCR
tor all common viruses.

. Tissue specimens can be placed at 4 °C for up to 30 min to

loosen blood clots if necessary.

. For our purposes the optimal time for dissociation is 48 h as

cell viability decreases with longer incubations. If the tissue
sample is larger than normal size, the amount of Pronase/
DNase solution should be increased.

. Recommended cell concentrations: for plating 150-300 K in

10 ml per T-75 cm? flask, and for freezing, 5x 10°-1 x 10° cells
per vial.
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10.

11.

12.

13.

14.

. Freeze 3x10°-1 x 10° cells, depending on the number of cells.

. The cells obtained at P-0 and P-1 are frozen in liquid N, for

future use. Cells obtained from later passages do not differenti-
ate as well at ALL

If the cells do not form a confluent monolayer after first day of
seeding on the inserts, they should be kept in BEGM and
allowed to grow till they become confluent and then transfer
to air-liquid interface.

Make sure that no air bubbles are trapped underneath the
inserts after addition of medium, and remove old media from
the bottom of the wells every time.

Cell debris and mucus will collect on the apical surface as the
cells grow. These can be gently washed with warmed BEGM/
DMEM once per week or as needed.

Cultures become differentiated from 21 days onwards as
observed by ciliary beating and increased trans-epithelial resis-
tance. Cultures allowed to differentiate for 2 months permit
greater RV replication as compared to those allowed to difter-
entiate for 1 month. Cultures can be maintained for 6 months
by replenishing the medium regularly and washing mucus from
the apical surfaces.

The concentration of RV that gives the optimal replication
ranges from 10° to 10° RNA copies/well.
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Chapter 7

Infectivity Assays of Human Rhinovirus-A
and -B Serotypes

Wai-Ming Lee, Yin Chen, Wensheng Wang,
and Anne Mosser

Abstract

Infectivity is a fundamental property of viral pathogens such as human rhinoviruses (HRVs). This chapter
describes two methods for measuring the infectivity of HRV-A and -B serotypes: end point dilution (TCIDs)
assay and plaque assay. End point dilution assay is a quantal, not quantitative, assay that determines the
dilution of the sample at which 50 % of the aliquots have infectious virus. It can be used for all the HRV-A
and -B serotypes and related clinical isolates that grow in cell culture and induce cytopathic effect (CPE),
degenerative changes in cells that are visible under a microscope. Plaque assay is a quantitative assay that
determines the number of infectious units of a virus in a sample. After an infectious unit of virus infects one
cell, the infected cell produces progeny viruses that then infect and kill a circle of adjacent cells. This circle of
dead cells detaches from the dish and thus leaves a clear hole in a cell monolayer. Plaque assay works only for
HeLa-adapted HRV-A and -B serotypes that can make visible plaques on the cell monolayer. Currently the
end point dilution assay and plaque assay have not been developed for the newly discovered HRV-C.

Key words MRC-5, HeLa cells, End point dilution, Plaque assay, Infectivity, TCIDs,, PFU

1 Introduction

Human rhinovirus (HRV) is a large group of small RNA viruses
that infect airway epithelial cells and is a major cause of respiratory
illnesses [1-6]. HRV belongs to the picornavirus family and has
about 150 distinct types or members. They are divided into three
species: A (75 types), B (25 types), and C (about 50 types) accord-
ing to serological and genome sequence variations [3, 7-13]. The
100 HRV-A and -B types were isolated and assigned as serotypes
between 1956 and 1987 by traditional cultural, biochemical, and
serological methods [14-16]. They are small (15-30 nm) RNA
viruses that are ether resistant but acid sensitive. They grow opti-
mally at 32-35 °C. Each serotype was defined by 20-fold or greater
differences in antiserum neutralization titers during reciprocal

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2_7, © Springer Science+Business Media New York 2015
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cross-neutralization tests against the other 99 serotypes [8, 16].
The prototype strains of these serotypes are available at ATCC. The
50 HRV-C types were identified recently with modern PCR and
sequencing techniques [3, 17-20]. Their sequences are more
closely related to those of HRV-A and -B serotypes than to other
GenBank sequences. HRV-C does not grow in traditional primary
cell cultures and continuous cell lines. They were recently found to
grow in differentiated airway epithelial cells in air-liquid interface
culture or sinus organ culture (21-23; also see Chapter 6 in this
volume). Several additional HRV-A and HRV-B types have been
identified by PCR and sequencing techniques [3]. However, they
have not been characterized by traditional culture methods.

HRV-A and -B serotypes can grow and induce cytopathic
effect (CPE), degenerative changes in cells that are visible under a
microscope, in a variety of primary cell cultures and continuous cell
lines. Primary MRC-5 and WI-38 cells and the continuous
H1-Hela line are the most commonly used cells for titrating the
infectivity of HRV-A and -B serotypes [5, 6, 8]. MRC-5 and WI-38
cells are widely used by clinical microbiology labs for end point
dilution assay of HRV-A and -B serotypes and related field isolates
from clinical samples. They are human fetal lung fibroblast diploid
cells and are sensitive to the prototype strains of all 100 HRV-A
and -B serotypes and many related clinical isolates. Uninfected
confluent monolayers of these cells can maintain normal healthy
cell morphology for up to 4 weeks. This allows the clear detection
of many slow-growing HRV serotypes, strains, and clinical isolates
that require a week or longer to induce observable CPE morphol-
ogy. However, MRC-5 and WI-38 monolayers stain poorly with
dyes such as crystal violet and thus are not used for plaque assays.
H1-HelLa is an HRV-sensitive HeLa strain originally developed in
the lab of Dr. Vincent Hamparian in the early 1960s. It is the stan-
dard for plaque assays and biology studies of HeLa-adapted HRV-A
and -B serotypes in molecular virology labs. H1-HelLa cell mono-
layers are highly stainable and can support the plaque formation of
HeLa-adapted HRV-A and -B serotypes [24]. However, not-yet-
adapted HRV serotypes, strains, and clinical isolates grow slowly
and do not form visible plaques in H1-Hel.a monolayers and unin-
fected monolayer H1-Hela cells start to display spontaneous
CPE-like morphology 3—4 days after becoming confluent.
Therefore, H1-HeLa cells are not used for the TCIDs, assay for
detecting slow-growing and low-titer HRV serotypes, strains, and
clinical isolates that require a week or longer to induce visible CPE.

In addition to infectivity measurement, the plaque assay is also
essential for classical genetic studies of HRV and other viruses
because it allows the precise isolation of virus mutants and purifica-
tion of HRYV strains from contaminating viruses [25, 26].

This chapter describes the detailed procedures for the end
point dilution (TCIDs) assay [27, 28] and plaque assay of HRV
[8,25,29].
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. MRC-5 cells (ATCC CCL-171) (see Note 1).
. CO, incubator.

. =80 °C freezer.

. Liquid nitrogen tank.

. Sterile disposables for tissue culture:

(a) 100-mm dishes.

(b) 48-well plates.

(c) 4-oz Nalgene medium bottles.
(d) 8-0z Nalgene medium bottles.

(e) 50-ml capped tubes.
(

)

)

)

)

f) 1.5-ml microfuge tubes.
(g) 10-ml sterile pipettes.
(h) 5-ml sterile pipettes.

(1) 2-ml sterile aspirating pipettes.
(j) Kimwipes EX-L.

(k) 2-ml cryovials.

. Medium A-FBS:

To 500 ml MEM (Invitrogen 11090081), add the following
ingredients:

(a) 5 ml nonessential amino acids (Invitrogen 1114050).
(b) 5 ml L-glutamine (Invitrogen 2503081).

(¢) 5 ml penicillin, streptomycin (Invitrogen 15140163).
(d) 50 ml fetal bovine serum (Invitrogen 10437-028).

. Medium A-FBS-DMSO (see Note 2):

To 40 ml medium A-FBS, add 10 ml DMSO (dimethyl sulfox-
ide) (Fisher BP231-1).

. PBSI: PBS with calcium and magnesium.

9. PBSA1 (0.1 % BSA):

2 Materials
2.1 TCID;, Assay 1
Using MRC-5 Cells )
3
4
5
6
7
8
10.
11.
12.
2.2 Plaque Assay 1.

Using H1-HeLa Gell
Monolayers 2

To 500 ml PBSI, add 6.7 ml 7.5 % bovine albumin fraction V.
PBSII: PBS without calcium and magnesium.

PBS-EDTA:
To 500 ml PBSII, add 5.5 ml 0.5 M EDTA.

Trypsin-EDTA 1x.

H1-Hela cells (ATCC CRL-1958) (see Chapter 5 for
H1-HelLa cell culture).

. CO, incubator.
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3.

N O\ Ul W

o)

10.

11.

12.

See Subheading 2.1 above for sterile disposables, PBSI and
PBSAL.

. 60-mm dishes.

. 1,000-ml 0.20-um filter units.
. Distilled water.

. 1.6 % Noble agar.

To 100 ml distilled water add 1.6 g of noble agar. Autoclave
the mixture at 121 °C for 20 min (minute) (sec Note 3).

. 10 % buftered formalin phosphate.
. Medium A-NCS.

To 500 ml MEM (Invitrogen 11090081), add the following
ingredients:

(a) 5 ml nonessential amino acids (Invitrogen 1114050).

(b)
(c) 5 ml penicillin, streptomycin (Invitrogen 15140163).
d)

(

2x P6 medium:

To make 1 L 2x P6 medium, dissolve the following ingredients
in distilled water, bring volume to one liter with distilled water,
and filter sterilize the mixture:

5 ml L-glutamine (Invitrogen 2503081).

50 ml newborn calf serum (Invitrogen 16010-159).

(a) Two bags (1 L size) of MEM powder (Invitrogen
41500-034).

(b) 4.4 g sodium bicarbonate, NaHCO; (Sigma S5761).

(c) 16.2 g magnesium chloride hexahydrate, MgCl,-6H,0
(Sigma M2393-500 g).

(d) 26.6 mL 7.5 % bovine albumin fraction V (Invitrogen
15260-037).

100x GOP supplement:
To 100 ml distilled water (Invitrogen), add and dissolve the
tollowing ingredients:

(a) 2.92 g r-glutamine (Fisher BP379-100).

(b) 1.1 g pyruvic acid (Sigma P5280).

(c) 2.64 g oxaloacetic acid (Sigma O7753).

Plaque assay stain (0.1 % crystal violet in 20 % ethanol):

To make 5x stock: Dissolve 2.5 g crystal violet in 500 ml
ethanol.

To make a working stock: Dilute 20 ml of 5x stock to 100 ml
with distilled water.
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3 Methods

3.1 TCID;, Assay
Using MRC-5 Cells

3.1.1 Starting an MRC-5
Cell Culture in a 100-mm
Dish

3.1.2  Expanding
and Passing MRC-5
Cell Culture

3.1.3 Cryo-Preservation
of MRC-5 Cells

. Thaw a cryovial of cells at room temperature (RT) (se¢ Note 4).

. Transfer the cells into a 100-mm dish containing 10 ml of

medium A-FBS.

. Incubate cells in a CO, incubator (5 % CO,, 37 °C) overnight,

and then replace the medium with 10 ml of fresh medium
A-FBS (sec Note 5).

. Continue to incubate cells in a CO, incubator (5 % CO,,

37 °C) until they reach full confluence. This will take 3-5 days
depending on the number of viable cells in the cryovial.

. Detach cells from 100-mm dishes by trypsinization:

(a) Remove medium.

(b) Wash monolayer in each dish with 5 ml PBS-EDTA.
(c) Add 1 ml trypsin-EDTA 1x to each monolayer.

(

d) Incubate dishes at RT for several minutes until most cells
are detached (see Note 6).

. Wash the detached cells from one 100-mm dish into a 50-ml

tube containing 40 ml of medium A-FBS and mix well.

. Pipette the cells into four 100-mm dishes, 10 ml per dish.
4. Incubate cells in a CO, incubator (5 % CO,, 37 °C) until they

reach full confluence.

. Grow cells to almost confluence in 100-mm dishes. Do not

overgrow cells.

. Detach cells from dishes by trypsinization as described in

step 1 of Subheading 3.1.2.

. Wash the detached cells from four 100-mm dishes into a 50-ml

tube with 8 ml of cold medium A-FBS (Final volume is
about 12 mL).

. Add 12 ml of cold medium A-FBS-DMSO and then swirl the

tube gently to mix.

. Use a 5-ml pipette to aliquot 1.5 ml of cells into each chilled

cryovial and cap tightly.

. Place the 16 cryovials into a chilled freezer box, and then store

at —-80 °C overnight.

. Place the cryovials into a liquid nitrogen tank for long-term

storage.

. A week later, remove a vial from the liquid nitrogen tank to

check cell viability by starting a new culture in a 100-mm dish
as described in Subheading 3.1.1 above.
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3.1.4  Preparation
of 48-well Plates of MRC-5
Cells for TCIDsy Assay

3.1.5 Virus Dilution,
Infection, and CPE
Development

. Trypsinize one 100-mm dish of confluent cells as described in

step 1 of Subheading 3.1.2.

. Wash the cells into a Nalgene medium bottle containing 75 ml

medium A-FBS, and then shake the bottle gently to suspend
the cells well.

. Add 0.5 ml of cells into each well of three 48-well plates.

4. Incubate plates in a CO, incubator (5 % CO,, 37 °C). The

O NN O\ Ol

monolayers are ready for TCIDjs, assay when they are 80-90 %
confluent after 4-5 days.

. Make a tenfold serial dilution of virus in PBSAI in sterile 1.5-

ml eppi tube (see Note 7).

. Remove medium from each well of the MRC-5 cell plates by

aspiration.

. Tap the plate upside down on a stack of clean Kimwipe to

remove the remaining medium.

. Add 50 pl of virus solution per well, 8 wells for each dilution.
. Incubate plates at RT for 1 h to allow virus attachment.

. Add 0.5 ml medium A-FBS.

. Incubate plates in a CO, incubator (5 % CO,, 35 °C).

. Check and record the appearance of CPE (Fig. 1) in each well

starting at 3 days after infection and then 5, 7, 9, 11, and
14 days (see Note 8).

Uninfected b Infected

Fig. 1 Appearance of CPE of HRV16-infected MRC-5 cells. MRC-5 cell monolayer (90 % confluent in a well of
48-well plate) was infected with ten TCIDs, of HRV16 (panel (b)) as described in Subheading 3.1.5. Panel
(@) was a mock-infected control. The cells were then incubated in a CO, incubator (5 % CO,, 35 °C) for 5 days



3.1.6 Calculate Virus
Titer with the Kérber End
Point Method [27, 28]

3.2 Plaque Assay
Using H1-HeLa Gell
Monolayers

3.2.1 Make H1-Hela
Cell Monolayers
in 60-mm Dishes

3.2.2 Virus Dilution,
Infection, and Plaque
Development
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Negative log of TCID,, end point titer
= [Negative log of highest sample concentration tested]

(sum of % infection at each dilution 0 5]

100
x log of dilution

Example:

8/8 cultures infected @ 1:1 dilution.

8/8 cultures infected @ 1:10 dilution.
6/8 cultures infected @ 1:100 dilution.

2 /8 cultures infected @ 1:1,000 dilution.
0/8 cultures infected @ 1:10,000 dilution.

50 pl inoculum was added to each well.

Neg. Log. TCID5,=0-({[(100+100+75+25+0)/100]-0.5} x1).
Neg. Log. TCID;y=-2.5.

TCIDs per 50 pl of original sample =antilog 2.5 = 320.

TCIDs, per 1 ml of original sample =320x1,000,/50=6,400.

1. Count cells from a suspension culture with a hemocytometer
(see Chapter 5 for H1-HeLa cell culture).

2. Pellet enough cells (500 x4, 5 min) to plate 2.4 x 10° cells per
dish.

. Resuspend cells to 8 x 10° cells per ml with medium A-NCS.
. Add 3 ml of cell suspension (a total of 2.4 x 10° cells) per dish.
. Swirl the dishes to distribute the cells evenly in each dish.

. Incubate the dishes in a CO, incubator (5 % CO,, 37 °C) over-
night (see Note 9).

QN U1 W

1. Check dishes microscopically to make sure that monolayers are
~90 % confluent and cells are healthy.

2. Dilute virus in PBSAI to a final concentration of about 100
PFU /200 pl (see Notes 7 and 10) in a sterile 1.5-ml eppi tube.

3. Remove medium from cell monolayers by aspiration.

4. Wash cell monolayers once with 5 ml PBSI, and then remove
PBSI by aspiration.

5. Add 200 pl of the virus dilutions to each dish by dropping the
virus solution gently into the center of the monolayer.

6. Incubate dishes at RT for 1 h for virus attachment (see Note 11).

7. Prepare agar overlay:
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10.

11.

12.

13.
14.

(a) Melt a 100-ml glass bottle of 1.6 % noble agar in a
microwave.

(b) Bring the noble agar to 45 °C by incubating it in a 45 °C
water bath.

(¢) Warm 2x P6 medium to 45 °C by incubating it in a 45 °C
water bath.

(d) Mix 50 ml noble agar and 50 ml of 2x P6 medium in a
Nalgene media bottle, and then incubate the mixture in a
45 °C water bath.

. Prepare 100 ml nutrient medium overlay (Ix P6/2x

glucose /2x GOP supplement) in a Nalgene media bottle with
the recipe below and keep at RT.

(a) 50 ml 2x P6 medium.

(b) 47 ml sterile distilled water (Invitrogen).
(c) 2 ml 100x GOP supplement.

(d) 1 ml 20 % glucose (200x).

. Add 2.5 ml agar overlay into each dish, and then allow the

agar to solidify by incubating the dishes at RT for 5-10 min
(see Note 12).

Gently add 2.5 ml nutrient medium to the center of the plate,
on top of the agar layers.

Incubate dishes in a CO, incubator (5 % CO,, 35 °C) for
2—4 days (see Note 13).

Stain the monolayers:

(a) Add 2 ml 10 % buffered formalin and then incubate at RT
for 15 min (see Note 14).

(b) Use a 10-ml pipette to remove the liquid.
(c) Flick off the agar into a waste container.

(d) Add 2 ml crystal violet stain gently into each dish to cover
the monolayer.

(e) Use a 10-ml pipette to remove the stain after incubating
at RT for 1 h.

(f) Wash off excess stain with tap water.
(g) Air-dry the stained monolayers.
Count the number of plaques (Fig. 2).

Calculate the titer of the undiluted sample by multiplying the
fold of dilution and the number of plaques per dish. The titer
is expressed in PFU per ml of sample.
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Fig. 2 Appearance of plaques of HRV14 on a crystal violet-stained H1-HeLa cell
monolayer. A H1-HeLa cell monolayer (90 % confluent in a 60-mm dish) was
infected with about 100 PFU of HRV14 as described in Subheading 3.2.2. The
infected monolayer was then overlaid with agar and incubated in a CO, incubator
(5 % CO0,, 35 °C). Two days later, the monolayer was stained with crystal violet

4 Notes

1. We use WI-38 cells when MRC-5 cells are not available. The
growth conditions for WI-38 cells are identical to those of
MRC-5 cells. WI-38 and MRC-5 cells have similar suscepti-
bilities to HRV.

2. Mixing DMSO and medium releases heat that kills cells. The
medium/DMSO mixture needs to be chilled to 4 °C before
use.

3. Over-autoclaving will degrade the noble agar and change its
gelling temperature. Thus it is important to adhere to the
autoclave condition of 121 °C for 20 min.

4. Avoid unnecessarily prolonged incubation of cells in the freez-
ing medium after it has been thawed. A high concentration of
DMSO is harmful to the cells at RT.

5. The DMSO from the freezing medium is toxic. It should be
removed after the cells become attached to the dish.

6. Avoid over-trypsinization of the cells. Visibly monitor the
monolayer continuously after the trypsin is added. As soon as
most of the monolayer starts to detach, add medium A-FBS to
stop trypsinization.

7. It is critical to discard pipette tips between each dilution to
avoid carrying virus from the first to the subsequent dilutions.
Otherwise, it may give misleadingly high infectivity results.
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8.

10.

11.

12.

13.

14.

The intervals of observing and recording CPE may be adjusted
according to the rate of growth and CPE development of the
HRV serotype, strain, and isolate being tested. In addition,
some HRV-A and -B serotypes, strains, and isolates grow
poorly and can only induce CPE in patches of cells instead of
the whole monolayer.

. Avoid overgrowing the cell monolayer. Using 90 % confluent

monolayers for infection gives the best plaque assay results.

About 100 plaques per 60-mm monolayer give the most accu-
rate measurement. Plaques tend to fuse together when there
are too many plaques in a monolayer. On the other hand, the
statistical error is large when a monolayer has very few plaques.
Therefore, a preliminary plaque assay of serial dilutions of virus
should be performed to estimate the titer for making the dilu-
tion at about 100 PFU per 200 pl.

Make sure that the dishes are maintained in a horizontal posi-
tion during attachment in order to develop evenly distributed
plaques on monolayers.

Different lots of noble agar may have slightly different gelling
temperatures. If the agar overlay does not solidify well after
10 min at RT or is too hard to be removed from the dish at the
end of the plaque assay, use slightly more (e.g., plus 0.1 %) or
less (e.g., minus 0.1 %) agar, respectively.

The length of plaque development depends on the plaque
development rate of each serotype. HRV14 needs 2 days,
HRV16 2.5 days, and HRV1A 4 days.

Formalin is used to kill the virus and to fix the cell monolayer
before staining.
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Chapter 8

Application of FCS in Studies of Rhinovirus Receptor
Binding and Uncoating

Shushan Harutyunyan, Arthur Sedivy, Gottfried Kohler,
Heinrich Kowalski, and Dieter Blaas

Abstract

Fluorescence correlation spectroscopy (FCS) allows determining diffusion and relaxation properties of
fluorescent molecules. It requires only extremely small amounts of sample, down to picomolar concentra-
tions, in an effective analysis volume of a few femtoliters. In essence, FCS determines the autocorrelation
of fluorescence fluctuations caused by single labeled molecules passing through the confocal volume of a
microscope equipped with a suitable detector; it permits investigating interactions of (macro)molecules,
even in single cells. We present an FCS protocol for exploring, under in vitro conditions, the dynamic
processes that take place during the early steps of virus infection. We cover two important issues of rhino-
virus research, the kinetics of directional RNA release, and virus-receptor interactions exemplified by using
human rhinovirus type A2 (HRV-A2) as a model.

Key words Fluorescence, Autocorrelation analysis, Diffusion coefficient, Fluorescence correlation
spectroscopy, HRV-A2, Uncoating, Receptor, Rhinovirus, Picornavirus

1 Introduction

Fluorescence correlation spectroscopy (FCS) was implemented in
the early 1970s by Magde et al. [1] and has undergone a huge
development since the introduction of a confocal setup by Rigler
and colleagues [2]. FCS extracts information from the temporal
changes of fluorescence signals emitted from a small number of
molecules involved in stochastically fluctuating chemical and/or
physical processes by means of time correlation. This is realized via
calculating the time dependence of the similarity of two signals.
FCS curves are derived by correlating fluctuations in the measured
fluorescence intensity to itself, with the correlation time 7, i.e.,
autocorrelation, or to an independently measured fluctuating
signal, i.e., cross-correlation. The time-dependent decay of the
correlation of fluorescence fluctuations yields quantitative informa-
tion on parameters such as number of the molecules (concentration),

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2_8, © Springer Science+Business Media New York 2015
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Fig. 1 Setup and output of FCS measurements. (a) Schematic representation of an FCS setup. The blue beam
represents excitation light coming from a laser, and the green beam fluorescence light emitted from the exited
sample. (b) The time-dependent fluorescence intensity signal derived from the detector (bottom) and its
subsequent analysis (middle and top). The value of the autocorrelation function G at correlation time <
computed via the equation is plotted against the correlation time (top). The horizontal double arrow represents
the diffusion time <, of the molecule obtained by fitting the data to the corresponding model (see Fig. 2)

diffusion time (size and shape), and their changes during the course
of the experiment. It thus also allows investigating the kinetics of
interactions of the fluorescent species with fluorescent or non-
fluorescent partners [ 3, 4].

Typical FCS setups use confocal microscopes with lasers as
excitation sources and one or more detectors measuring the fluo-
rescent intensity (Fig. 1a). This signal is directly processed in an
electronic autocorrelator or, in more recent setups, single photons
are recorded and the correlation is subsequently computed with
dedicated software such as FCS ACCESS (Fig. 1b). FCS measure-
ments require very low concentrations (from tenths of pM up to a
few pM). This high sensitivity is advantageous for precious samples
but has the disadvantage that the technique cannot be used for
exploring low-affinity interactions.

FCS translational diffusion measurements are quite simple and
well established. They allow to study the diffusive behavior of mol-
ecules in vitro and even inside the living cell, either in solution or
within lipid membranes [5]. A necessary prerequisite is that the
species of interest must be labeled using small fluorescent mole-
cules such as DyLight, Alexa dyes, and fluorescein or fused to an
appropriate autofluorescent molecule (e.g., GFP, YFP, mRFP).
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The fluctuations in fluorescence originate from Brownian motion
of the labeled analyte through a focal volume of some femtoliters
that should not contain more than 100 analyte molecules. Their
mean residence time within the laser-illuminated space depends on
their diffusion coefficient, which, in turn, is a function of size and
shape. If a small, fluorescent molecule binds a larger one it slows
down (i.e., the diffusion coefficient of the complex is lower than
that of its components) and emits photons for a longer time until
it exits the observation volume; this results in an increase of the
autocorrelation time.

Diffusion coefficient and sample concentration are obtained by
fitting a theoretical model to the experimental autocorrelation curve.
Several analytical expressions for theoretical autocorrelation curves
are documented in the literature, such as for free diffusion of one or
multiple fluorescent species through a 3D Gaussian focal volume
[6]. These and other more widely used models are integrated in
specialized software packages such as FCS ACCESS that accompa-
nies the Zeiss Confocor 1 instrument. A theoretical autocorrelation
curve for a single monodisperse species of fluorescent molecules
diffusing in 3D space including the analytic form of the correspond-
ing derived autocorrelation function is presented in Fig. 2.
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Fig. 2 Fitting function (Egs. (2) and (4) in Subheading 3.10, step 1) and the
resulting theoretical autocorrelation curve: Correspondence between the param-
eters on top with parts of the curve is marked with same colors. Note that
changes in the fraction of particles which are in the triplet state and the triplet
lifetime will both impact on the appearance of the part of the curve representing
the ps time regime (blue), while the part related to translational diffusion is in the
range from 10~ up to several 100 s (green line). The shape of the green part of
the curve depends on the structural parameter (including the shape of the focal
volume) and diffusion time t,. Removing the part corresponding to the triplet
state allows determining the number of particles in the observation volume as
indicated with (1/N)
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On infection, members of the family Enterovirusesfirst expand,
lose VP4, and expose N-terminal sequences of VP1 but retain the
genomic RNA, thus converting into subviral A-particles.
Subsequently, the RNA exits, presumably initially as an unfolded
single strand, and the A-particles are transformed into empty
capsids (B-particles). In vitro, the conversion can be triggered by
incubation at temperatures between 50 and 56 °C. In the following
we show how FCS can be used to determine with which end (3’ or 5)
the RNA initiates egress from the HRV-2A virion. Our approach
should be applicable without major modifications to a variety of
other non-enveloped viruses with a single-stranded genome if
uncoating can be similarly triggered in vitro via incubation at
elevated temperature or changes of pH and/or ionic concentration.

Release of the viral genome is monitored as a function of time
by hybridization of labeled oligonucleotides complementary to
sequences of the viral RNA close to the 3’- and 5’-end, respectively.
Being much smaller than the virion and the RNA, their diffusion
time changes drastically following hybridization to exiting and to
fully released genomic RNA present in different proportion over
time after triggering uncoating [7]. Since RNA still connected to the
virion and free RNA are themselves distinguishable by their diffusion
coefficient, an appropriate theoretical model based on a three-
component analysis (free oligonucleotide, oligonucleotide bound to
exiting RNA, and oligonucleotide bound to free RNA) allows for
determination of kinetics and directionality of genome egress.

We also describe how FCS can be used to quantitatively probe
interactions between HRV-A2 and a soluble recombinant very-
low-density lipoprotein (VLDL) receptor mimic demonstrating
how affinity between a (large) virus and a (small) receptor can be
monitored.

2 Materials

2.1 Reagents

1. HRV-A2 purified as described in Chapter 9 of this volume.

2. Recombinant concatemeric V33333 (a fusion of five copies of
ligand-binding repeat 3 of the human VLDL receptor pre-
pared as in ref. 8).

3. Plasmid pHRV2 for in vitro synthesis of infectious viral
RNA. This is HRV-A2 ¢cDNA under the control of a T7 RNA
polymerase promoter in pBluescript IT SK (+) [9].

4. Fluorescently labeled oligonucleotides complementary to the
respective 3’-end and the 5’-end of HRV-A2:

(a) 3'oligo: dT,5, FAM-labeled (complementary to nt 7,102
to ~7,200, the average size of the genomically encoded
poly-A tract of HRV).
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2.2 Equipment
and Consumables

5.

10.

11.

(b) 5’oligo: 5'-dAAGGGTTAAGGTTAGCCACATTCAG-3',
DyLight 488-labeled (complementary to nt 443468 in
HRV-A2 (see Note 1)).

Fluorescent dyes:

(a) For FCS calibration: Rhodamine 6G.

(b) For covalent labeling of proteins: DyLight 488 NHS ester,
Cy3, Alexa (10 mg/ml in DMSO).

(¢) For non-covalent labeling of nucleic acids: YOYO-1 iodide
509 (from Life Technologies).

. Hybridization buffer: 50 mM Tris-HCI, 75 mM KCl, 3 mM

MgCl, (pH 8.3).

. RNase buffer: Hybridization buffer containing 1 mM DTT
(pH 8.3).

. Acidification buffer: 50 mM sodium acetate (NaOAc) (pH
5.6).

. TBSC bufter: 25 mM Tris—HCI, 150 mM NaCl, 2 mM CaCl,
(pH 7.5).
Large-scale RNA production system—17 (e.g., RiboMAX,

Promega).

Enzymes and inhibitors: RNase A (10 mg/ml), RNase H
(5 U/ul), RNasin (40 U/pl).

. Nunc Lab-Tek chamber slides, eight wells, 0.2—-0.4 ml, 0.8 cm?.
. Spin-X Centrifuge Tube Filter, 0.45 pm pore cellulose acetate

(CA) membrane.

. Dialysis membrane with MWCO 6-8 kDa.

4. Sephadex G100.

. Superdex™ 75 HR 10,30, pre-packed high-resolution gel fil-

tration column, 10 mm diameter and 30 cm height (GE
Healthcare).

. Zeiss Confocor 1 spectrofluorometer (Carl Zeiss, Germany)

equipped with a Zeiss water immersion objective
(C-Apochromat 63x/1.2 W Korr), an avalanche photodiode
(SPCM-CD 3017), and a hardware autocorrelator (ALV 5000,
AVL, Langen, Germany).

. An argon-ion laser attenuated by optical density filters.

. A helium—neon laser attenuated by optical density filters.

. A dichroic mirror (580 nm) with a long-pass filter (590 nm).
10.
11.

FCS ACCESS software package.
Heating block.
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3 Methods

3.1 Fluorescence
Labeling
of Virus Capsid

3.2 Fluorescent
Labeling of Viral RNA

3.3 Fluorescent
Labeling of the V33333
Goncatemer

. Label purified rhinovirus (5 pmol) with the amino-reactive dye

DyLight 488 as described in the protocol of the manufacturer
(http: //www.piercenet.com/instructions/2161963.pdf).

. Remove excess of unreacted dye by size-exclusion chromatog-

raphy using a Sephadex G100 column (all steps are done at
room temperature): Pour 500 pl G100 gel in hybridization
buffer into the filter unit inside the 500 pl polypropylene
microcentrifuge tube of a Spin-X Centrifuge Tube Filter and
centrifuge at 800 rpm in a microfuge for 30 s.

. Add another 500 pl G100 gel and centrifuge at 380 x4 in a

microfuge for 1 min.

. Centrifuge this assembly finally at (850 x4) in a microfuge for

1 min.

. Transfer the spin column into a new microcentrifuge tube,

apply 20 pl of the sample, and centrifuge at 850xy4 in a
microfuge for 1 min; again change the microcentrifuge tube.

. Add 30 pl hybridization buffer and repeat centrifugation as in

step 4.

. Remove the column and save the flow-through containing the

purified HRV.

. Purity of the virus and absence of free dye may be checked by

capillary electrophoresis with fluorescence detection ([10], see
also Weiss et al., Chapter 9). For the determination of the diffu-
sion coeflicient of HRV at least 50 pl virus at 20 nM is necessary.

. Produce viral RNA in vitro as a runoff transcript from the

plasmid pHRV2 [9]. First, cleave the plasmid with KpnI just
behind the poly-A tail at the 3’-end of the RNA (leaving one
additional guanine residue) and transcribe using the large-scale
RNA production system—T7 according to the manufacturer’s
recommendations.

. Extract the RNA with phenol-chloroform followed by ethanol

precipitation.

. Mix RNA (~10 nM) with YOYO-1 iodide 509 dye at a ratio

of approximately 5 base pairs per dye molecule (i.e., 4 pM for
the ~7,200 nt long HRV-A2 RNA) in at least 50 pl total
volume with hybridization buffer and incubate at room tem-
perature for 15 min. Since YOYO-1 iodide 509 fluoresces
only after binding to nucleic acids [11], no further purifica-
tion of labeled RNA is required.

. Label V33333 receptor protein (about 2.5 pg is required for

the whole experiment; see Notes 2 and 3) with DyLight
Amine-Reactive Fluor 488 according to the protocol provided
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3.4 Determination
of the Diffusion
Coefficient

of the Separate
Components

3.5 Identification
of the Optimal Ratio
of Oligonucleotide
to Viral RNA

by the manufacturer. Alternatively, label with Cy3 as in ref. 8.
Since the protein does not contain lysines, the maximum num-
ber of dye molecules incorporated per protein molecule is one
(at the N-terminus; sec Note 4).

2. Remove free dye by extensive dialysis against TBSC at 4 °C
using a membrane with MWCO 6-8 kDa.

3. Optionally, following step 2 the labeled receptor can be fur-
ther purified by size-exclusion chromatography through a
Superdex 75 column. The labeled receptor can be stored at
4 °C for about a week without loss of activity.

Pilot FCS experiments with individual analytes (labeled virus,
labeled viral RNA, labeled recombinant receptor or oligonucle-
otide) need to be carried out to determine the concentration, i.e.,
optimal average number of fluorophores inside the observation
volume giving the highest average intensity fluctuation amplitude.
These “best” concentrations are then used for measuring the
respective diffusion time for each component tested separately.
The diffusion coefficients can then be determined (according to
Subheadings 3.8-3.10). In our specific configuration of laser
intensities, pinhole sizes, and buffer composition, the concentra-
tions found optimal are given below (see Note 5). These measure-
ments were carried out with 20 pl samples placed in Nunc Lab-Tek
chamber slides.

e DyLight 488-labeled HRV-A2 (10 nM) in hybridization
bufter.

*  YOYO-1 iodide 509-labeled RNA (10 nM) in hybridization
buffer.

e DyLight 488/FAM-labeled oligonucleotides (10 nM) in
hybridization buffer; alternatively in 50 mM Tris-HCI, pH
8.3, or in RNase buffer.

e  Recombinant V33333 receptor (50 nM) in TBSC buffer.

This titration experiment aims at determining the lowest concen-
tration of the unlabeled binding partner which results in >50 % of
the fluorescent component in the complex. This is done via adding
increasing concentrations of in vitro-transcribed RNA to a con-
stant concentration of free oligonucleotide (10 nM, see above).

1. Mix 10 pl aliquots of the labeled oligonucleotide at 20 nM
with 10 pl of serial dilutions (in hybridization buffer) of
in vitro-transcribed viral RNA giving final concentrations of
between 0 and 1,000 nM.

2. Allow for hybridization by incubating the mixture for 10 min at
56 °C and for at least 30 s at 4 °C prior to the measurements.

3. Identify the minimum ratio of oligonucleotide to RNA giving
an optimal hybridization signal as defined above. Subsequently,
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3.6 Determination
of RNA Release
Kinetics

3.7 Receptor-Virus
Interaction

use this ratio when mixing oligonucleotides with virus in RNA
release kinetics measurements (Subheading 3.6).

4. To confirm that the observed change of the diffusion coeffi-
cient in the presence of viral RNA is due to hybridization, treat
the sample with a mixture of RNase A (1 mg/ml final concen-
tration) and RNase H (0.5 U/pg RNA) for 15 min in RNase
buffer at 37 °C prior to the FCS measurement. Typical auto-
correlation curves of free and RNA-bound oligonucleotides as
well as curves derived after digestion with the RNase mixture
are presented in Fig. 3 [7].

1. Based on the optimal ratio between oligonucleotide and viral
RNA established according to the previous section, mix
purified (unlabeled) rhinovirus with the respective labeled
oligonucleotide in hybridization buffer (in our hands final
concentrations of 250 nM and 10 nM, respectively, proved
best). On complete release from the capsid, the RNA con-
centration would thus be the same as in the experiment with
in vitro-transcribed RNA.

2. Add 2 U RNasin/pl to prevent RNA degradation.

3. Initiate viral RNA release by incubating at 56 °C (se¢ Note 6).
Take aliquots (20 pl) at regular time intervals following the
heat trigger, e.g., every 2-5 min as it is demonstrated in Fig. 4.

4. Alternatively, RNA release (of HRV-A2 and presumably all other
minor group viruses; se¢ Note 6) can be initiated by decreasing
the pH of the sample; instead of heating, combine the mixture
with a 1.5-fold volume of acidification buffer, mix, and incubate
at the desired temperature. Take aliquots (10 pl) as above and
re-neutralize by mixing with 10 pl 100 mM borate buffer pH 8.3
or 100 mM Tris buffer pH 8.2 (see Notes 7 and 8).

5. Transfer samples to a chamber slide and carry out FCS measure-
ment and data analysis as described in Subheadings 3.8-3.10.

6. Calculate percentages of free oligonucleotide, oligonucleotide
bound to RNA, and oligonucleotide bound to virus via partially
released RNA with the FCS ACCESS software by using the
three-component fit model and the diffusion coefficients previ-
ously determined for each individual component as is described
in the data analysis section (Subheading 3.10, steps 1-3).

FCS is particularly suitable for rapid determination of the association
constant of a virus binding to an antibody or cognate soluble recep-
tor including the stoichiometry of the assembled complex(es) and
the kinetics of complex formation. Due to its high sensitivity, it con-
sumes only minute amounts of material. The only limitations are the
necessity of a difference of the diffusion coefficient of the compo-
nents by at least 1.6 times [12] and a dissociation constant lower
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Fig. 3 Autocorrelation curves for viral RNA and oligonucleotides obtained by
fluorescence correlation spectroscopy, normalized and corrected for the triplet
state: The respective oligonucleotides black, @) 3 -end specific, b) 5 -end spe-
cific, were separately hybridized to in vitro-transcribed viral RNA and FCS
measurements conducted before (redand green, respectively) and after digestion
with RNase A/RNase H (blue), respectively. Dots, measured data; continuous lines,
one-component (black lines) and two-component fit (red and green lines; contri-
bution of the second component calculated from the fit is given in %). Note the
complete overlap of the curves corresponding to the free oligonucleotides and to
the RNase-digested samples. Similar experiments using a concentration series of
RNA revealed that at least a 25-fold excess (i.e., 250 nM) of heated virus or
in vitro-transcribed RNA over oligonucleotide was required for a detectible hybrid-
ization. Modified from Harutyunyan et al. 2013 [7], with permission from PLOS,
published under the Creative Commons Attribution License (CC-BY), http://cre-
ativecommons.org/licenses/by/3.0/

than mmolar. In FCS measurements of rhinovirus-receptor asso-
ciation we use Cy3- or DyLight 488-labeled recombinant receptor.
However, the smaller component (be it receptor or ligand;
see Note 9) can be labeled with any other dye with excitation/
emission wavelengths compatible with the filter set of the particular
instrument used for FCS analysis. In the following we specify the
steps for titration of a constant amount of fluorescently labeled
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Fig. 4 RNA sequences at the 3’- and the 5’-ends become accessible for hybridization with different kinetics:
HRV2 was incubated at 56 °C for 0, 7, and 20 min. Dylight 488-labeled oligonucleotide specific for 3’ sequences
(@) and 5" sequences (b) was added and the autocorrelation function was measured. (c, d) Identical experi-
ments were carried out but with additional time points. The percentage of free oligonucleotide (red), oligonu-
cleotide hybridized to free RNA (ochre), and oligonucleotide hybridized to RNA connected to the virus (blue) was
calculated for each time point by employing a three-component fitting procedure (symbols). For better appre-
ciation, the respective values for each constituent (free oligo, oligo bound to RNA, and oligo bound to RNA
partially extruded from the virion) were fit by a sum of Boltzmann functions (/ines). Data points are from two
independent experiments. Note that separate experiments showed the same trend over time, but there were
differences in background and in the absolute values of the measurements. Reproduced from Harutyunyan
et al. 2013 [7], with permission from PLOS, published under the Creative Commons Attribution License (CC-
BY), http://creativecommons.org/licenses/by/3.0/

V33333 receptor with unlabeled HRV-A2 as ligand resulting in
autocorrelation curves suitable for extraction of binding parameters.

1. Mix labeled V33333 at 50 nM final concentration in TBSC
with graded amounts of HRV-A2 at concentrations between
2 pM and 5 pM in TBSC butffer.

2. Incubate the mixtures for 5 min at room temperature or for
30 min at 4 °C.

3. Transfer samples (25 pl) to 8-well chamber slides and carry out
FCS measurement as described in Subheadings 3.8 and 3.9.

4. Calculate the translational diffusion times, percentages of the
components (free receptor and virus-bound receptor), and
binding parameters with the FCS ACCESS software as covered
in Subheading 3.10, steps 3 and 4.
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3.8 FCS Setup

3.9 FCS
Measurements

1.

All FCS measurements were carried out in a Confocor 1
spectrofluorometer.

. For FITC-, FAM-, or DyLight 488-labeled HRV-A2, oligo-

nucleotides as well as YOYO-1 iodide 509-labeled RNA use an
argon-ion laser attenuated by optical density filters. Select the
488 nm line with a 450490 nm excitation filter. Fluorescence
emission of the corresponding labeled molecules/particles is
directed through a dichroic mirror (510 nm) followed by a
long-pass filter (515 nm) towards the detector.

. Cy3-labeled receptor fragments are excited at 543.5 nm with a

helium—neon laser attenuated by optical density filters.
Fluorescence emission of the corresponding labeled molecules/
particles is directed towards the detector through a dichroic
mirror (580 nm) followed by a long-pass filter (590 nm).

. Prior to each set of measurements perform at least ten calibra-

tions of 10 s each using rhodamine 6G (or rhodamine-B,
depending on the setup used) as standard with known diffu-
sion coefficient (Dgpeg=2.8x1071% m2s7!) to determine the
size of the confocal volume (described further below in
Subheading 3.10, step 2). This is mainly needed to calculate
the diffusion coefficient of each sample from the measured dif-
fusion time.

. Adjust the focus of the microscope 150 pm above the upper

side of the slide prior to all measurements to avoid optical sur-
face effects. A scheme of a generic FCS setup and the charac-
teristic output signal are presented in Fig. 1.

. 10-50 consecutive measurements (10 s each) on at least three

independently prepared samples need to be done to obtain sta-
tistically relevant values, with the respective fluorescent ana-
lytes at 10-50 nM (i.e., the concentration previously seen to
give the highest intensity fluctuation, see Subheading 3.4) in
the corresponding buffer.

. Determine the fluorescence autocorrelation function for the

respective fluorescent analytes—labeled oligonucleotides com-
plementary to the different parts of HRV-A2 RNA, labeled
virus, labeled receptor, labeled viral RNA, and labeled oligo-
nucleotides hybridized to partially released and free genomic
RNA, respectively, in the samples prepared according to the
previous sections.

. For visual comparison, normalize the autocorrelation func-

tions to 1 at autocorrelation time zero (i.e., the corresponding
autocorrelation function of one particle in the observation vol-
ume, see below).
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3.10 Data Analysis

1. Autocorrelation function and calculation of diffusion times:

The autocorrelation function G(z) is used to determine fluc-
tuation around the average fluorescence intensity:

G(r)=1+(5F(r)-8F(t+7)) / (E(¢)) (1)

where F is fluorescence intensity, 6F is fluorescence intensity
fluctuation from mean, ¢ is time, 7 is correlation time, and
angular brackets denote the time average. This equation cor-
relates fluorescence at time ¢ with fluorescence at time t+7 [4].
The function depends on the geometric properties of the
observation volume and several physical parameters such as
concentration and diffusion coefficient of fluorescent species in
the sample. We use the following simple equation based on a
3D Gaussian focal volume and freely diffusing molecules in all
of our FCS experiments:

G(t)=1+4(c) and g(r)=i ! (2)

N ((1+r)/rD)((1+r)/1<21D)l/2

where N is the mean number of fluorescent particles in the
tocal volume, g4(7) is the correlation function, k=w./w,, is the
structural parameter (axial ratio of the focus; w, and w,,
are axial and radial dimensions of the focal volume), and 7p, is
the average diffusion time a particle needs to pass the focal
volume, which is inversely related to the diffusion coefficient (D):

COZ

= th 3
Tp 4D (3)

For a more detailed analysis, the autocorrelation function
can be constructed using the translational and rotational diffusion
of the particles as well as the fraction and time the particles stay in
the triplet state and several other physical properties. Taking into
account the triplet state and the photon detector afterpulsing,
which are both in the ps regime, the model can be fitted using
the autocorrelation function:

G(r)=1+g4(z)- 1+1TTCTT (4)

where T'is the fraction of particles in the triplet state, and zis
the triplet lifetime.

Calculate the diffusion times (optionally T'and z7) of fluores-
cent species using the one- or the multicomponent fit model
implemented in the software as described further below. For
easier visual comparison the part of the curve at very short cor-
relation times including the triplet state might be removed (using
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Eq. (4), T and 77 obtained from fitting) and the data can be
normalized to 1 at correlation time 0 (by multiplying (G(7)-1)
by the mean of the particles in the observation volume).

2. Determination of the sample concentration. Determine the
concentration of a fluorescently labeled molecule from the
autocorrelation curve obtained at an appropriate dilution by
FCS. Use rhodamine 6G (Rh6G) with known diffusion coef-
ficient (Dgpeg=2.8x1071® m? s!) for the calibration of the
instrument and determine ,,, the half short axis of the mea-
surement volume at x and y dimensions, using Eq. (3).

From the measured ., and using the known structural param-

eter (), which only depends on the instrument used, the effec-
tive volume can be derived (in our particular setup k=5):

chfza)iy-ﬂs/z-a)zzng/z-rc-a); (5)

Finally, determine the concentration ¢, using the experi-

mentally measured mean number of fluorescent particles and
N,=6,022 x10* mol:

NA‘chf

3. Multicomponent fit models. So far, we have considered only
single-component systems. For the case of two or more dis-
tinct fluorescent particles with different diffusion coefficients
but similar brightness a multicomponent fit model is required
for data analysis. The corresponding autocorrelation function
for multiple components has the form

1 /
_1 L 1/2 7)
CR D vy vy,

where Nis the total number of fluorescent particles, f; the frac-
tion of each component present at equilibrium and zp,; the
respective diffusion coefficients, « the structural parameter, and
M the number of distinct components. In the FCS experiments
described here the components range from M=1 to M=3.
Using Eq. (7) and employing the diffusion times previously
determined for the separate components, calculate the fraction
(f}) of each component for the given times of incubation (see
Note 10). All of this is implemented in the FCS ACCESS soft-
ware. In instances of multiple components in solution and for
proper and statistically significant multicomponent analysis one
usually performs 5-15-min measurements. For instruments
equipped with a hardware autocorrelator like the one described
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Tp =Tr +(TRV1 _TR)

here it is, however, highly recommended to perform 30-50
separate measurements of 10-20 s each for every sample and
average the autocorrelation curves before starting the multi-
component analysis. This allows exclusion of measurements
with obvious aggregate formation (se¢ Note 11).

. Average diffusion time fitting to estimate veceptor-virus binding

affinity. To calculate the Kj, and to characterize the binding
behavior (monophasic or biphasic), fit each FCS measurement
of the titration to a single-component model with a corre-
sponding mean diffusion time 7p. Theoretical models taking
into account the concentrations of receptor (¢x) and ligand
(e.g., virus, ¢y), the diffusion times of free receptor (zx) and of
receptor-ligand complex (zry1, 7ryv2), and the dissociation con-
stants (Kp;, Kp;,) for either mono (index 1) or biphasic (index 2)
binding behavior then need to be used to fit the mean diffu-
sion time versus the ligand concentration to the corresponding
parameters:

2
o —Jom —4eyey

T, =T +(T -7 ) (8)
D R RV1 R 2CR
o —+o’ —4c,cp . (Tsz _TRVl)(ﬁ _\/ﬂz _451/511) ©)
2c, 2c,
o=cy,+e + Ky, (10)
B=cy+e + K, (11)

Perform Marquardt nonlinear least square fitting using
nonlinear curve fitting software (for instance Origin, Microcal),
while fixing the known parameters (cr, ¢y, 7r) generates the
sought-after parameters (Kp1, Kpy, 7rv1, Trv2) [12]. Calculate
the free energy of binding AGy by using the standard van’t
Hoff equation, which relates it to the dissociation constant Kp:

AG, =-RT-InK, (12)

4 Notes

. The 5’-specific oligonucleotide was selected for hybridization

to the genomic RNA on the basis of complementarity to a
region of low secondary structure and thus accessibility, as pre-
dicted by the Vienna RNA package version 1.8 (http://rna.tbi.
univie.ac.at/cgi-bin/RNAfold.cgi).


http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi

Application of FCS in Studies of Rhinovirus Receptor Binding and Uncoating 97

2. The pentameric concatemer of the cysteine-rich class A
ligand-binding repeat 3 (V3) of the very-low-density lipo-
protein (VLDL) receptor fused to maltose-binding protein
(MBP) has a high affinity to HRV-A2 exceeding that of the
natural soluble VLDL receptor domain. For other viruses
any other cognate soluble receptor that can be made fluores-
cent might be used.

3. Efficiency of labeling of V33333 with DyLight 488 is low.
Therefore, modifications of the protocol of the manufacturer
may be necessary to increase the yield; for instance, longer
incubation time or a higher dye:receptor ratio may help.

4. The MBP moiety should be cleaved off with factor Xa prior to
labeling; the cognate protease cleavage site is precisely local-
ized between the MBP and the authentic N-terminus of the
V33333 fusion protein. MBP has 36 lysine residues, which
can lead to heterogeneous fluorescent labeling of the recom-
binant molecules carrying this fusion tag. Additionally,
attachment of many hydrophobic dye molecules per receptor
molecule increases the overall hydrophobicity resulting in
undesired precipitation at higher concentrations. The recom-
binant V33333 fragment itself does not contain lysine resi-
dues; thus labeling takes place only at the N-terminus;
therefore brightness is uniform. When using intact MBP-
V33333 or other receptors, the number of dye molecules
incorporated into one protein molecule has to be determined
spectroscopically to allow proper evaluation of the derived
FCS autocorrelation curves.

5. Depending on the buffer composition the sample can have dif-
terent viscosities, which will influence the diffusion properties
of the analyte(s). We indeed observed small but significant
changes of the diffusion coefficient of oligonucleotides and
viral RNA when the measurements were done in hybridization
buffer versus RNase buffer. It is strongly recommended to take
this into account when comparing measurements in different
buffers by initial exploratory experiments such as those men-
tioned above.

6. This applies specifically to HRV-A2; other (rhino)viruses may
require different conditions for in vitro uncoating.

7. Because of acidification and re-neutralization the sample will
be finally diluted fivefold; to maintain hybridization efficiency,
increase the initial concentration of the oligonucleotide to
30 nM and also add three times more virus at the beginning
(Subheading 3.6, step 1).
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Table 1

Measured diffusion time and molecular brightness for DyLight 488 free in solution and after
conjugation to an oligonucleotide, as well as FAM-conjugated oligonucleotide in different buffers

Molecular

Buffer used Diffusion time (ms) brightness
DyLight488 50 mM NaOAc, pH 5.4 0.036+0.002 25.85+0.290
bb-re., pH 7.5 0.035+0.002 28.41+0.198
100 mM Borate buffer, pH 8.2 0.035+0.001 30.12+0.153
DyLight488- 50 mM NaOAc, pH 5.4 0.11+0.023 0.74+0.016
oligonucleotide bb-re., pH 7.5 0.12+0.006 8.28+0.057
100 mM Borate buffer, pH 8.2 0.12+0.009 8.48+0.054
EAM-oligonucleotide 50 mM NaOAc, pH 5.4 0.12+0.017 0.63+0.018
bb-re., pH 7.5 0.13+0.009 8.41+0.059
100 mM Borate buffer, pH 8.2 0.13+0.008 8.52+0.056

“bb-re.” sample was incubated in 50 mM NaOAc buffer (pH 5.4) for 15 min. Subsequently, it was brought to pH 7.5
by using 100 mM borate buffer (pH 8.3)

8.

10.

11.

We observed that attachment of the fluorescent dye to an oli-
gonucleotide diminishes its fluorescence intensity when com-
pared to the free dye. Additionally, its fluorescence becomes
more sensitive to the respective buffer composition. As can
be seen in Table 1, there is a significant decrease of the
measured molecular brightness of DyLight 488 and FAM (not
shown) after conjugation to an oligonucleotide and fluorescence
becomes almost undetectable in acidic buffer. Nevertheless, on
subsequent re-neutralization fluorescence is recovered.

. When studying interaction, in order to detect a change in

diffusion coefficient, always label the smaller component.

For simplification we here approximate the diffusion coefficient
of oligonucleotide bound to virus (via partially released RNA)
by that of the virus alone in the three-component fit model.
This is necessary because subviral particles with partly external-
ized RNA cannot be obtained as a homogenous population.

The occasional presence of some aggregates or dust particles in
the sample characteristically causes sudden, huge jumps in the
amplitude of the fluorescent intensity. We fully exclude auto-
correlation curves derived from such events from further anal-
ysis to avoid corrupting our results by erroneous data. An
example of such an event is presented in Fig. 5.
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Fig. 5 Snapshot of output from the FCS ACCESS program of a measurement like in Fig. 3a without (a) or with
(b) formation of viral aggregates: Upper panel represents the fluctuation in fluorescence intensity over mea-
surement time. Middle panel represents experimental autocorrelation curve (black), with fitted curve (red).
Bottom panel represents the dependence between fitting margin (residual; Res) and correlation time. One-
component fit model was used. Note the appearance of an aggregate at about 12 s. Such aggregates introduce
irregularities in the autocorrelation curve at about 30-300 ms (jagged line enclosed by the ellipse)
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Chapter 9

Capillary Electrophoresis, Gas-Phase Electrophoretic
Mobility Molecular Analysis, and Electron Microscopy:
Effective Tools for Quality Assessment and Basic
Rhinovirus Research

Victor U. Weiss, Xavier Subirats, Mohit Kumar, Shushan Harutyunyan,
Irene Gosler, Heinrich Kowalski, and Dieter Blaas

Abstract

We describe standard methods for propagation, purification, quality control, and physicochemical
characterization of human rhinoviruses, using HRV-A2 as an example. Virus is propagated in HeLa-
OHIO cells grown in suspension culture and purified via sucrose density gradient centrifugation.
Purity and homogeneity of the preparations are assessed with SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), capillary electrophoresis (CE), gas-phase electrophoretic mobility molecular analysis
(GEMMA), and electron microscopy (EM). We also briefly describe usage of these methods for the
characterization of subviral particles as well as for the analysis of their complexes with antibodies and
soluble recombinant receptor mimics.

Key words Rhinovirus, Purification, Analysis, Capillary electrophoresis, Gas-phase electrophoretic
mobility molecular analysis, Electron microscopy

1 Introduction

1.1 Nomenclature, Human rhinoviruses belong to the genus Enteroviruses within the
Classification, large family of Picornaviridae [1]. Their ss(+)RNA genome of
and Biology about 7,200 nucleotides is surrounded by an icosahedral capsid,
of Rhinoviruses about 30 nm in diameter, and assembled from 60 copies each of

the four viral proteins, VP1-VP4. So far, more than 160 HRV
types have been classified using genetic divergence thresholds for
type assignment [2]; they are divided into species A, B, and C [3].
HRV have also been classified according to receptor usage; twelve
HRV-A (the minor group) bind members of the low-density lipo-
protein receptor family, and the remaining HRV-A and -B types
(the major group) recognize intercellular adhesion molecule 1
(ICAM-1) [4]. The HRV-C receptor(s) is unknown and not

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2_9, © Springer Science+Business Media New York 2015
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1.2 Medium-Scale
Growth

and Purification

of Human Rhinovirus

expressed in the cultured cells examined so far; only nasal mucosa
tissue explants transiently sustain HRV-C replication. Production
of virus on transfection of cells with full-length in vitro-transcribed
viral RNA has been reported [5].

Infection starts with attachment of HRV to its cognate
receptor(s) on the surface of the host cell, followed by endocytosis
and uncoating of the RNA whose transfer from endosomes into
the cytosol initiates production of progeny that are released by cell
lysis and /or autophagy-related mechanisms.

RNA exit from the native virus particle (sedimenting at 1508S)
is preceded by conformational changes resulting in the formation
of the A-particle, an uncoating intermediate sedimenting at 135S,
which has lost the internal VP4. Upon final egress of the RNA
genome, the B-particle (the empty shell sedimenting at 80S)
remains [4]. Very similar, if not identical, subviral particles are pro-
duced in vitro either by incubation between 50 and 56 °C for dif-
ferent times or at acidic pH [6, 7]. This has allowed their detailed
structural characterization [8, 9] and recently revealed the direction-
ality of RNA release [10] (see also Harutyunyan et al., Chapter 8).
The structural and functional characterization of such particles
requires considerably pure viral preparations. We present a robust
purification scheme and sensitive bioanalytical and biophysical
methods to assess virus integrity and purity. As exemplified below,
these methods have also proven highly effective in quantitation of
virus-antibody and virus-receptor binding and in the analysis of
virus uncoating.

In Subheading 3.1 we present a protocol for routine preparation of
virus (yielding 1-5 mg/ml; note that about 70 % of the total mass
is protein and 30 % is RNA) of sufficient purity for most structural
and functional studies. HRV-A2 is grown in HeLa cell suspension
culture, virus progeny is released by cell disruption prior to virus-
caused cell lysis, the virus is separated from cell debris by differen-
tial centrifugation, and contaminating nucleic acids and proteins
are digested. This crude preparation is finally subjected to sucrose
density gradient ultracentrifugation and pelleting. We have used
essentially the same protocol for the production of several other
serotypes although with frequently lower yield; HRV strains differ
considerably with respect to growth in suspension [11] and some
might give higher yields in monolayer cultures. Therefore, the
suitability of suspended cells for viral propagation has to be
assessed in pilot experiments before upscaling. To date all attempts
at growing HRV-C in HelLa cells (and in various other cells) have
failed; therefore, HRV-C cannot be produced by following the
procedure below.

The purity of the virus preparation is routinely verified by SDS-
PAGE separating the four capsid proteins, VP1-VP4. Dependent
on the HRV type, all or at least two of these proteins can be
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1.3 Analysis

of Native Rhinovirus
and Derived Subviral
Particles by Gapillary
Electrophoresis

with UV Detection
(CEUV)

resolved by standard SDS-PAGE. The precursor VPO, which is
cleaved on virus maturation into VP4 and VP2, may also be
detected. It either stems from native empty capsids (NEC), also
called natural top component [12], or from small amounts of
native virus that contains several copies of VP0. The proportion of
VPO might vary considerably depending on the preparation. An
example of the proteins from purified HRV-A2 separated on a
12 % SDS-polyacrylamide gel is given in Fig. 1a, upper panel. VP4
is often not seen on these gels because of its small size (~7.4 kDa
in comparison to VP1, ~32.9 kDa; VP2, ~29.0 kDa; and VP3,
~26.1 kDa) and/or the associated weak staining. When virus is
analyzed on a 10-20 % gradient gel, VP4 can be clearly detected by
silver staining [13] (Fig. 1b). VPO (~36.4 kDa) and VP1 are often
not resolved, despite their difference in M,. However, presence of
VPO in a purified virus preparation can be revealed via Western
blotting with suitable antibodies raised against VP4, VP2, or VPO0.
For HRV-A2, the monoclonal antibody 8F5 is specific for a
“sequential” epitope present in VP2 and consequently in VPO [14]
as illustrated in Fig. la, lower panel.

Capillary (zone) electrophoresis combined with UV detection (CE
UV) is a rapid method for quantification and quality control of
virus preparations [15]. It was employed not only for HRV but
also for tobacco mosaic virus [ 16], poliovirus [17], cowpea mosaic
virus [18], and influenza A virus [19]. Examples of CE, with the
underlying theory, have been presented previously, including vol-
umes of this series [20-23]. Application of CE in the analysis of
biomolecular assemblies has been covered by several recent reviews,
e.g., [24-26]. Therefore, we only briefly recapitulate the principles
of CE. We discuss the mandatory inclusion of surfactants in the
background electrolyte (BGE) and show the resolution of native
and subviral particles with detergent-containing BGE. We con-
clude with the demonstration of how CE UV can be used for
determining the stoichiometry of the interaction between a recom-
binant soluble receptor and HRV-A2. A protocol for CE separa-
tion of native and subviral particles is found in Subheading 3.2.

CE separates particles in the BGE according to their net charge
(accelerating force) and size /shape (retarding force resulting from
friction as described by Stokes’s law) in an electric field of potential
difference, V; across a capillary tube of total length L. The elec-
tric field strength E propelling the charged particle is given by
E=V/L,.. Balance between opposing forces gives rise to a con-
stant electrophoretic velocity, »;, proportional to the electric field,
E, and the electrophoretic mobility of a molecule, p;:

v=p-E
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Fig. 1 SDS-polyacrylamide gel electrophoresis and Western blot analysis of HRV-
A2 capsid proteins. (a) Upper panel, Coomassie Brilliant Blue-stained reducing
SDS-12 % polyacrylamide gel. Lanes 7 and 2, “first fraction” and “second frac-
tion” virus from two different preparations as indicated by the dates in the boxes
below. The arrow at about 20 kDa points to the subunits of denatured human
ferritin stemming from the cells, as determined by mass spectroscopy analysis
(unpublished results); it often contaminates “second fraction” preparations to
various extents and results in a brownish color (see Note 12). Despite its compa-
rably lower M, (~600 kDa for the 24 subunit molecule as compared to 8.5 MD for
HRV) it co-sediments with virus because of its high density resulting from bound
Fe**. Lower panel, virus samples as above separated on the same gel but
transferred to a membrane followed by Western blot analysis with monoclonal
antibody 8F5 and a secondary goat anti-mouse antibody conjugated to peroxi-
dase. The individual bands corresponding to VPO and VP2 are revealed by chemi-
luminescence. Notably, the VPO content relative to VP2 differs in different
preparations; furthermore, the ratio of VPO to VP2 in “second fraction” virus is
strikingly higher in each instance compared to “first fraction” virus. (b) Example
of a “first fraction” virus separated on an SDS-10-20 % polyacrylamide gradient
gel followed by silver staining according to the procedure described in ref. 13.
Note that the small VP4 is clearly visible whereas it is not seen in the Coomassie
Brilliant Blue-stained SDS-12 % polyacrylamide gel in (a)

», can be calculated from the measured electrophoretic migration
time e (the time required for migration inside the capillary
from the point of injection to the point of detection, which is the
effective length of the capillary, L) by

Vi = Leﬂ'ective / tumlyte
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It follows that the electrophoretic mobility u; of a substance
(the steady-state velocity per unit field strength) can be expressed as

p=v/E= (Leffcctive Lo ) / (tﬂmlytc .V)

Tonic strength and pH of the electrolyte exert a significant
effect on the electrophoretic migration expressed as effective
mobility g, characteristic for a given analyte and a given system
(e.g., see ref. 27). Additionally, the weakly acidic silanol groups of
the capillary surface, pK, of SIOH ~2—4 [28], may become par-
tially deprotonated dependent on the pH of the BGE. This leads
to the formation of an electrical double layer at the capillary inner
surface that in turn causes migration of the BGE bulk to the
cathodic end of the capillary (with velocity of the electroosmotic
flow, EOF, »£9F=4EOF. E) upon application of voltage. This elec-
troosmotic flow increases the migration of cations and reduces that
of anions. The electrophoretic mobilities of the analytes calculated
from migration times in the presence of an EOF are therefore
apparent mobilities 4*". As EOF values vary from experiment to
experiment, the migration time (or apparent mobility) cannot be
used for the identification of an analyte. However, the mobility
resulting from the EOF, uFF) can be determined with a neutral
marker substance (e.g., DMSO, #:0F marker), Which migrates towards
the cathode with the same velocity as the EOF. This allows for
calculation of the highly reproducible net (i.e., effective) electro-
phoretic mobility, g, of an analyte by the following equation:

T TR ((mel * Lerective ) / (tmp marker * V)) - ((Lmta] * Legrecive ) / (fanalytc ) V)) [m2 / Vs]

We routinely employ sodium borate adjusted with NaOH to
pH 8.3 as BGE to analyze HRV-A2 (sub)viral particles as (1) it has
minimal UV extinction in the useful detection range of 200-
280 nm and (2) at this pH the acidic silanol groups of the inner
wall of the fused-silica capillary are fully ionized resulting in a
strong electroosmotic flow (EOF) to the cathode, while (3) at least
HRV-A2 carries a net negative charge (pI of HRV-A2 is 6.8; [29])
driving it towards the anode. However, because pEF substantially
exceeds ofp,, the virus migrates with an apparent mobility, o
to the cathodic end of the capillary where the UV detector is placed
(i.e., CE in positive polarity mode; [15]).

HRV tended to aggregate and adsorb to the capillary wall
when CE UV was performed in plain sodium borate causing mul-
tiple spikes in the electropherogram. This was overcome by addition
of detergents, such as SDS and Thesit®, above their critical micellar
concentration (CMC) [30]. A typical electropherogram of HRV-
A2, purified according to Subheading 3.1, in SDS-containing BGE
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Fig. 2 Electropherogram of an exemplary HRV-A2 preparation (“first fraction” virus) analyzed by CE UV in SDS-
containing BGE prior to and after heating. (a) At room temperature, native HRV-A2 remains stable in 10 mM
SDS resulting in a discrete narrow peak at about 6 min migration time. (b) Heating as described in Subheading
3.2, step 3a leads to complete dissociation of virions into the four viral capsid proteins VP1-4 and the viral
RNA, giving rise to almost fully resolved peaks for each component. Note that the contaminant is heat stable
giving a peak at about 4.6 min in both traces

is depicted in Fig. 2a. HRV-A2 gives rise to a narrow peak
appearing at around 6 min. The concentration in mg,/ml of native
virus can be readily calculated from the respective peak area
(Subheading 3.2, step 7). A second and smaller peak around
4.6 min corresponds to a so far unidentified component (“con-
taminant”) present in every virus preparation at varying concentra-
tion [15]. Its lack of staining with Coomassie brilliant blue and
cthidium bromide and sensitivity towards lipase (unpublished
data) suggests that it is derived from cellular membranes.

While native HRV-A2, and probably other HRV, tolerates
10 mM SDS at room temperature, subviral A- and B-particles
readily dissociate into their components in the presence of this
detergent [31, 32]. At 56 °C, native virus also disassembles in
10 mM SDS; the resultant individual VPs are then resolved by CE,
like in SDS-PAGE, but in a much shorter time and additionally
offering the possibility for RNA detection. Note that the peak of
the contaminant is unaltered (Fig. 2b).

HRV subviral particles, despite being disassembled in SDS,
fully withstand the neutral surfactant Thesit® (a dodecyl-
polyethyleneglycolether derivative) as specified in Subheading 2.2.
This allowed their facile and reproducible separation by CE as
specified in Subheading 2.2 while preventing aggregation. Figure 3
depicts electropherograms obtained in Thesit® containing BGE
prior and after heating of HRV in sodium borate. Note that native
HRV-A2 and the contaminant co-migrate in the presence of
Thesit® (Fig. 3a; peak at ~3.9 min). Upon incubation of a concen-
trated solution of HRV-A2 at 56 °C for 10 min in the absence of
detergent, the virus loses VP4 to form mostly A-particles (Fig. 3b;
peak at ~4.9 min) while diluted material incubated in the same way
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Fig. 3 CE UV in Thesit®-containing BGE separates native virus and subviral particles. A- and B-particles were
generated by heating for 10 min to 56 °C according to the procedure given in Subheading 3.2, steps 3b and
¢, respectively, followed by CE under the same conditions as used for native virus. Note that the contaminant
co-migrates with the native virus (a) but is resolved from A-particles (intermediate particle, b) and B-particles
(c). (d) Negative stain TEM image of (sub)viral particles corresponding to the individual CE traces. Native HRV-
A2 was acidified as in ref. 7, stained with 2 % sodium phosphotungstate (pH 7.2) and viewed with an electron
microscope at 36,000x magnification. The size bar corresponds to 100 nm. Native, A-, and B-particles are
present at similar numbers under these conditions. Native virions, which are impermeable to the stain, appear
as bright spheres, whereas subviral B-particles show a bright circle with a core of high density due to accu-
mulation of stain in the (permeable) empty shell. A granular interior is typical of the (permeable) A-particle
uncoating intermediate with the dye filling the space between the strands of the genomic RNA. /nsets (a)—(c)
depict prototypical particles representing the states of uncoating (i.e., beginning, intermediate, and end) at
about threefold higher magnification than in the large image

is converted into free RNA and (80S) empty capsids (Fig. 3c; peak
at ~4.1 min); in both instances the contaminant is unaltered.
Table 1 summarizes the detectability of viral /subviral particles
in BGEs containing SDS or Thesit® [31, 32]. The effective electro-
phoretic mobilities of native virions and subviral particles allowing
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Table 1
Overview on GE UV analyses of intact HRV-A2 and derived subviral particles in BGE
containing SDS or Thesit®

Particle BGE with SDS BGE with Thesit® Particle obtained via

Intact virions

Intermediate (A) particles
(including RNA)

Empty capsids
(B-particles
(containing no RNA))

Individual viral proteins
and RNA

Yes Yes =

No Yes (1) Heating to 56 °C
of concentrated samples in sodium
borate, (2) heating to 56 °C in the
presence of divalent cations,
(3) acidification

No Yes Heating to 56 °C of diluted samples
in sodium borate

Yes No Heating of diluted samples to 56 °C

in SDS containing BGE

their unambiguous identification have been published [30] and
were recently updated [31]; the values for viral proteins and the
viral RNA are compiled in ref. 25.

As CE UV enables the separation of viral and subviral particles,
factors impacting on uncoating can be easily investigated provided
that the analysis is carried out in Thesit®-containing BGE. For
instance, presence of Mg** or Ca?* during uncoating triggered by
heating demonstrated a stabilizing effect of these ions [32]. By the
same token, binding of antibodies or soluble receptors to native or
subviral particles can be investigated by CE UV with the generic
protocol given in Subheading 3.2. Using SDS as additive, resolution
of virus-receptor complexes differing in the number of attached
recombinant soluble receptors was achieved; this study revealed a
population of virions carrying between 0 and 12 receptor mole-
cules that had been engineered as to include five copies of ligand-
binding repeat three (V3) of the very-low-density lipoprotein
receptor fused head to tail and carrying a maltose-binding protein
at their N-terminus. Their distribution was in accordance with
equilibrium binding; at saturation, a maximum of 12 molecules
were indeed present per virion ([33] and Fig. 4a). This is in agree-
ment with structural data [34, 35] indicating that one receptor
molecule binds around each of the 12 fivefold vertices of the icosa-
hedron. Furthermore, as shown in Fig. 4b, the use of Thesit®
instead of SDS allowed demonstration of lower affinity binding of
recombinant receptor mimics to B-particles.
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Fig. 4 CE UV demonstrates binding of recombinant receptor fragments to native virions and empty viral
capsids. (a) Incubation of purified HRV-A2 with graded amounts of recombinant soluble receptor in excess of
virus gives rise to discrete complexes of different stoichiometry, which can be resolved in SDS-containing BGE.
(b) B-particles (empty capsids) were prepared according to the protocol in Subheading 3.2, step 3c, and
analyzed before (boftom trace) and after mixing (fop trace) with saturating amounts of soluble recombinant
receptor followed by CE UV in BGE with Thesit® to maintain integrity of the subviral particles

1.4 Analysis

of Rhinovirus

by Gas-Phase
Electrophoretic
Mobility Molecular
Analysis (GEMMA)

Gas-phase electrophoretic mobility molecular analysis (GEMMA,;
[36] also known as macro IMS (macro ion mobility spectrometry,
LiquiScan-ES, nES-DMA, or ES-SMPS spectrometry)) has been
established at the end of the twentieth century. It is particularly
useful for the analysis of large non-covalent protein assemblies.
GEMMA separates singly charged analytes in the gas phase at
ambient pressure according to their electrophoretic mobility (EM)
diameter, which corresponds to the particle diameter in the case of
spherical analytes [37]. An aerosol containing variably charged
analytes is obtained from a volatile electrolyte solution, e.g.,
ammonium acetate via a nano electrospray (nano ES) process
operated in cone-jet mode. The resulting droplets are dried in a
sheath flow of pressurized, particle-free airand CO,. Concomitantly,
their charge is reduced in a bipolar atmosphere (created by a 2!°Po
a radiation source), resulting in a population of mostly neutral,
some singly charged, and a negligible amount of multiply charged
analytes that are introduced into the nano differential mobility
analyzer (nano DMA) unit of the instrument. Particles are trans-
ported through the nano DMA via a constant high-sheath flow of
air. A tunable, orthogonal electric field is applied that leads to devi-
ation of charged analytes from their trajectory imposed by the
laminar airflow. At a given voltage, charged analytes of a specific
EM diameter are deviated to an extent that allows for their detec-
tion after having passed the nano DMA. Upon arrival in the con-
densation particle counter (CPC) of the instrument, they nucleate
the condensation of droplets in a supersaturated 1-butanol atmo-
sphere. These condensate droplets pass through a focused laser
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Fig. 5 Design and scheme of a typical GEMMA system. Upper panel: Photograph of a GEMMA instrument (from
TSl Inc). Lower panel: A schematic illustration of the individual components required for aerosol formation/ioni-
sation, charge reduction, separation, and subsequent detection of particles according to their EM diameter as
described in the main text

beam triggering light-scattering events, which are counted over
time [38]. GEMMA is therefore suited for single-particle, particle
number-based detection; the particles are resolved according to
their EM diameter via voltage scanning. Figure 5 shows a photo-
graph of a GEMMA instrument accompanied by a schematic illus-
tration of its individual components and their role in the separation
process.
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Fig. 6 GEMMA spectrum of a HRV-A2 preparation (“first fraction”). Peaks of HRV-
A2 (~8.5 MD; centered at 30 nm EMD) and the contaminant (stretching from 22
to >50 nm) are well separated from the internal standard (thyroglobulin;
~660 kDa; ~15 nm EM diameter) and smaller aggregates formed from non-
volatile low M, material (between EMD 0 and 10) still present in the sample after
buffer exchange to 50 mM ammonium acetate (pH 8.5)

Depending on the DMA unit, particles from the low nm EM
diameter range (approx. 5 kDa MW for globular proteins) up to
several 100 nm EM diameter can be analyzed [39]. Commercial
GEMMA instruments can also be modified as to allow for collection
of aerosol particles of selected EM diameter on a solid carrier
enabling further analysis by, e.g., transmission electron micros-
copy [40]. Along the same lines selected analytes can be collected
in buffer for assessment of biological activity. Standards with
known M, allow the determination of the M, of the analyte based
on the EM diameters acquired with the GEMMA instrument [41 ]
that is increasingly employed for the analysis of viruses and viruslike
particles [41-47] and other large assemblies of biomolecules,
e.g., [36]. GEMMA has thus become a valuable alternative for
tackling a number of questions in the field of virology.

In Subheadings 2.3 and 3.3 we give instructions for the
GEMMA analysis of rhinovirus for the determination of its EM
diameter (for HRV-A2 ~30 nm, in good accordance with X-ray
analysis [41, 48]), and for assessing the binding stoichiometry of
monoclonal antibodies and recombinant receptor fragments by a
simplified calculation based on the increase of the respective EM
diameter of the complex when compared to native virus [49].
Using essentially the same protocol, GEMMA was also exploited
to obtain insight into the nature of the abovementioned contami-
nant that was found to exhibit an average EM diameter of approxi-
mately 35 nm, similar to rhinovirus particles but with a much
broader EM diameter distribution (Fig. 6 and [31]). Paired with
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1.5 Negative Stain
Transmission Electron
Microscopy (TEM)

of Native Rhinovirus
and Its Subviral
Particles

its low UV absorption in CE, the contaminant is suggested to
contain most likely aggregates possibly derived from cellular
membranes (unpublished data).

Negative stain TEM is another valuable tool for the rapid assess-
ment of the purity, homogeneity, and morphology of virus prepa-
rations. Essentially, a water-soluble heavy metal-containing salt is
used to surround and penetrate the solvent-accessible space of a
macromolecular assembly. Following air-drying a thin, amorphous
film of the metal ions forms at these locations. Scattering of elec-
trons by the electron-dense negative stain provides (negative)
images of high contrast. Its unique power for the evaluation of the
overall integrity of virions and the possible presence of contaminat-
ing material and undesired aggregates is demonstrated in Fig. 7,
which shows a comparison between two independent “first frac-
tion” preparations of HRV-A2 of different quality. The vast amount
of irregularly shaped rather dull looking material is only observed
in the second preparation (Fig. 7b) and likely originates from
membranous material identified by CE and GEMMA [31]. We
also used negative staining to visualize the structural changes
occurring in rhinovirus particles upon exposure to elevated
temperature and low pH, respectively, based on differential pene-
tration of the dye into the protein shell (Fig. 3d). Although the
small increase in diameter by ~4 % on transition from the native
virion (Fig. 3d, inset a) to a subviral particle (Fig. 3d, inset b and ¢)

Fig. 7 Negative stain TEM of samples from two different “first fraction” virus preparations. Preparation (a) is of
high purity, consisting of only native, dye-impermeable bright virions. Preparation (b) is an example for bad
quality; note the vast amount of irregularly shaped material (example indicated with arrow) of variable size
comparable in dimension to virus particles. It is presumably the membranous contaminant identified by CE and
GEMMA (Figs. 2, 3, and 6). The virus samples were stained with 2 % sodium phosphotungstate (pH 7.2) and
the specimens viewed with an electron microscope at 36,000x magnification. The size bar corresponds to

100 nm
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cannot be appreciated by visual inspection, exclusion of stain indi-
cates native virions; penetration into the RNA-filled shell results in
rather granular staining typical of the A-particle (Fig. 3d, inset b),
and full penetration with intense internal stain deposition is
observed in B-particles (Fig. 3d, inset ¢). In our hands, from the
spectrum of available negative stains (listed, e.g., in ref. 50), potas-
sium phosphotungstate turned out to be most useful. It has pH
7.2 and its ionic strength is compatible with the stability of rhino-
viruses, not causing their conversion into subviral particles; it
shows little tendency to form artefacts and provides crisp and
detailed images. Subheadings 2.4 and 3.4 are devoted to a proto-
col for negative staining of native rhinoviruses and their derived
subviral particles for subsequent TEM imaging.

2 Materials and Equipment

2.1 Production
and Purification

of Human Rhinovirus
from Hela Cell
Suspension GCulture

2.1.1 Initiation
and Maintenance of a HeLa
Suspension Culture

Use ultrapure water with resistivity of 18 MQ cm (25 °C) or higher
for preparing all bufters and solutions. Chemicals should be of elec-
trophoresis or analytical grade. Always wear protective clothing and
gloves, especially when manipulating solutions containing acryl-
amide and bisacrylamide, which are highly toxic. Perform all steps
at room temperature unless indicated otherwise. Strictly follow all
safety regulations and established waste disposal procedures for all
materials and solutions. Note that work with rhinoviruses demands
biosafety level 2 practices depending on the respective country.

1. HeLa-Ohio, a strain adapted to growth in suspension culture,
was originally from Flow Laboratories and is now available
from the European Collection of Cell Cultures (ECACC,
Salisbury, UK).

2. Complete medium for adherent cell culture: Minimal essential
medium (MEM) supplemented with 10 % fetal calf serum,
100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM
L-glutamine.

3. Complete medium for suspension cell culture: Minimal essen-
tial medium for suspension culture containing 7 % horse serum,
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM
L-glutamine, 0.1 % (w/v) pluronic acid F68, and 1 % nones-
sential amino acids.

4. Phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g KCl, 1.44 g
Na,HPO,, 0.24 g KH,PO,. Dissolve in 1 | water (pH should
be 7.4) and autoclave.

5. 0.05 % Trypsin, 0.53 mM EDTA solution in Hepes-buffered
saline solution (HBSS) for cell detachment.

6. 3 | spinner flasks equipped with a Teflon-coated magnetic
stirrer.
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7. Polypropylene bottles with cap 500 ml (see Note 1).

2.1.2  Infection of HeLa 1.

Suspension Culture
and Purification of HRV-A2

2.2 Capillary 1.

Electrophoresis

. Ultra Clear Thinwall Centrifuge Tubes 38.5 ml (se¢ Note 1).

Seed virus: Human rhinovirus 2 (HRV-A2) (originally from
ATCC; VR482); other classical HRV-A and -B types are also
available from ATCC.

. Infection medium for suspension cell culture: Complete

medium for suspension culture supplemented with 2 % horse
serum and 3 mM MgCl, (see Note 2).

. Virus preparation buffer A (VPA), 20 mM Tris—-HCl (pH 7 4),

2 mM MgCl,.

. Virus preparation buffer B (VPB), 10 mM Tris-HCI (pH 7 4),

10 mM EDTA.

. Enzymes to digest virus-associated impurities of host cell

origin are prepared from dry powder dissolved in 10 mM
Tris-HCI (pH 7.4) and 10 mM MgCl, at the concentrations
below:

(a) RNase A from bovine pancreas dissolved at 5 mg/ml.

(b) DNase I grade II from bovine pancreas dissolved at
5 mg/ml.

(¢) Trypsin from porcine pancreas dissolved at 10 mg,/ml.

. N-laurylsarcosine.

. 55 ml each of'a 7.5 and 45 % sucrose solution (w/w) prepared

in VPA at room temperature for pouring a continuous density
gradient using an adequate gradient mixer.

. A sonicator bath.

We use an Agilent (Waldbronn, Germany) 3D CE instrument
equipped with a fused silica capillary from Polymicro (Phoenix,
AZ, USA), 50 pm inner diameter, 375 pm outer diameter;
total length of the capillary between 59 and 61 cm, effective
length was 8.5 cm shorter. Any comparable instrument with
similar capabilities can be wused with similar results.
Electrophoresis was at 20 °C with 25 kV (resulting in a field
strength of ~42 kV/m). Detection is at 200 nm, 205 nm
(see Note 3), and 260 nm (see Note 4) at the cathodic end of
the capillary (positive polarity mode).

. We use Agilent ChemStation Plus software package for data

acquisition, storage, and analysis.

. BGE, 100 mM sodium borate (pH 8.3) supplemented with

SDS (BGE-SDS), or Thesit® (BGE-Thesit) at 10 mM. Filter
through a surfactant-free cellulose acetate membrane syringe
filter (0.2 pm pore size; see Note 5).
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4.

10.
11.
12.

2.3 Gas-Phase 1.

Electrophoretic
Mobility Molecular
Analysis

Sample buffer, either 100 mM sodium borate (pH 8.3)
supplemented with 10 mM SDS or plain 100 mM sodium
borate (pH 8.3) as detailed in Table 1. Also sodium borate
at 50 mM is suitable as sample buffer. Buffers are filtered as
stated for BGEs.

. Sodium hydroxide, 1 M, for conditioning of fresh capillaries as

well as rinsing of capillaries after each run.

. DMSO stock solution 1:200 (v/v) in water (for determination

of the EOF).

. Benzoic acid may be added to the samples at ~0.02 mg/ml

final concentration as internal standard from a more concen-
trated stock solution (se¢ Note 6).

. 50 mM sodium acetate (pH 5.0).

. Polypropylene vials with a 0.3 ml cone-shaped interior cup for

the diluted samples.
Polypropylene vials (1 ml).
Snap cap polyurethane.

A standard water bath or thermo mixer.

We use the GEMMA instrument from TSI Inc (Shoreview,
MN, USA). It consists of a nano ES aerosol generator (model
3480), including a ?'°Po charge reduction device, an electro-
static classifier unit (series 3080) with a nano DMA employed
in the high-flow mode, and an ultrafine CPC (model 3025 A).
Other GEMMA instruments with similar capabilities should be
able to be used with similar effectiveness.

. Fused silica cone tip capillaries for the electrospray process are

25 cm long with either 25 or 40 pm inner diameter from TSI
Inc. As the surface-to-volume ratio of 25 pm inner diameter
capillaries is higher than for 40 pm capillaries, we opted for the
latter as this reduces analyte adsorption to the fused silica
surface and thus increases the signal.

. Ammonium acetate 50 mM, pH 8.5. Filter as described in

Subheading 2.2, step 3. The pH of ammonium acetate can be
somewhat decreased as can be the buffer molarity as long as
the current recorded in the nano ES source of the GEMMA
remains below about =500 nA (see Note 7).

4. Centrifugal filter tubes, 10 kDa MWCO (PES membrane).

. Thyroglobulin may be used as a standard (660 kDa; EM diam-

eter 15 nm) and added to the sample from a stock solution in
ammonium acetate to a final concentration of approximately
10 nM (see Note 8).
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2.4 Negative Stain
Transmission Electron
Microscopy

QN Ul R W

. 400 mesh copper grids coated with a continuous carbon layer

in house.

. Sharp thin tweezers.

. Whatman 3 MM filter paper.
. Petri dish or grid box.

. Stopwatch.

. 2 % (w/v) sodium or potassium phosphotungstate; adjust to

pH ~7.2 with NaOH.

. Baltek 500 Bal-Tec SCD Sputter Coater for glow discharging

the carbon grids.

. FEI Morgagni 268D electron microscope equipped with an 11

megapixel CCD camera (Morada from Olympus-SIS). Any
other similar electron microscope may be used with compara-
ble effectiveness.

. Digital image acquisition is done via the iTEM software

compatible with the FEI Morgagni user interface.

3 Methods

3.1 Purification

of Rhinovirus (e.g.,
HRV-A2) from Infected
Cells in Suspension
Culture

3.1.1  Preparation
of Seed Virus

. Seed HeLa-Ohio cells in sixteen 162 cm? T-flasks, each

containing 50 ml complete medium for adherent cell culture
and grow in a tissue culture incubator in 5 % CO, atmosphere
at 37 °C.

. When about 90 % confluent, aspirate medium and wash cells

with PBS at room temperature; remove as much buffer as pos-
sible but take care that the cells do not dry out.

. Detach adherent cells by incubation with 3 ml trypsin-EDTA

per flask in the tissue culture incubator until most of the cells
are floating (~5 min; avoid longer times to prevent cell death).

. Resuspend the trypsinized HeLa cells in 4 1 complete medium

for suspension culture (see Note 9), distribute into two 3 1
spinner flasks, transfer in the tissue culture incubator set at
37 °C, and stir at 25 rpm.

. After 4 days, transfer the cell suspension into 500 ml centrifuge

tubes and spin at 825 x4 and room temperature.

. Resuspend the cell pellet in 4 1 infection medium for suspen-

sion culture.

. Challenge the cells with a previously prepared HRV-A2 seed

virus at a multiplicity of infection (MOI) of 1.

. Distribute into two 3 [ spinner flasks and continue incubation

in a tissue culture incubator at 34 °C for 16.5 h.

. Collect cells (see Note 10) as above (step 5) but at 3,600 x g.
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3.1.2 Medium-Scale
Virus Growth
and Purification

10.

11.

12.

13.
14.

10.

Resuspend pellet in 40 ml cold (4 °C) PBS and disrupt cells in
a homogenizer (40 strokes with tight-fitting piston).

For maximum homogenization, subject suspension to three
cycles of freezing and thawing and 3 min sonication in a soni-
cator bath to disperse viral aggregates.

Remove larger aggregates by centrifugation for 30 min at
26,900xg and 4 °C.

Save the supernatant (seed virus), aliquot, and store at —=80 °C.

Use one aliquot to determine the TCID;s,/ml [51]. The infec-
tious virus concentration routinely obtained is about 10°
TCIDsy/ml totaling ~4x 10 TCIDs,. Note that the ratio
between physical particles (determined, e.g., by capillary
electrophoresis or transmission electron microscopy, see
Subheadings 3.2 and 3.4) and infectious particles (plaque-
forming units, PFU) is particularly high for HRV, with values
reported in the literature ranging from 24-240 up to 2,000 for
HRV-A2 [52, 53], ~6,500 for HRV-B14 [53], and ~300-
4,400 for HRV-16 [54].

. Grow, collect, and infect Hela cells as above but using 12 |

medium and six 3 | spinner flasks.

. Resuspend infected cell pellet in cold (4 °C) VPB (replacing

PBS used in step 10 of the seed virus preparation) and homog-
enize (zbid. Subheading 3.1.1, step 10).

. For removal of cellular debris, centrifuge at 47,800 xgand 4 °C.

. Subject the saved supernatant to ultracentrifugation in a Beckman

Ti45 rotor (or equivalent) at 125,000 x4 for 2 h at 4 °C.

. Resuspend the virus pellets (from four tubes) in a total of

4 ml VPA.

. Add RNase A (0.25 mg total) and DNase I (0.25 mg total)

from stocks and incubate the crude virus preparation at room
temperature for 10 min.

. Add trypsin to a final concentration of 0.05 % (w/v) and con-

tinue incubation for 5 min at 37 °C.

. Add N-laurylsarcosine to a final concentration of 1 % (w/v),

mix briefly on a vortex, and leave sample overnight at 4 °C.

. Pellet insoluble material by centrifugation in a microcentrifuge

at 18,400 x g for 15 min at 4 °C.

Load equal volumes of supernatant onto 7.5-45 % (w/w)
sucrose density gradients preformed in six Beckman Ultraclear
or equivalent tubes kept at 4 °C and centrifuge for 3.5 h in an
SW32 rotor (or equivalent) at 76,800x4 and 4 °C without
engaging the centrifugal brake.
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3.2 Capillary
Electrophoresis

with UV Detection

of Native and Subviral
HRV Particles

11

12.

13.

14.

15.

16.

17.

Carefully remove tubes and place upright in an appropriate
rack. An opaque band roughly in the middle of the gradient
can be discerned visually (“first fraction” virus), normally
accompanied by a diffuser, brownish band just above (“second
fraction” virus).

Collect the material present in each band separately by punc-
ture with a needle attached to a 5 ml syringe. This typically
results in two ~5 ml virus-containing fractions per gradient.

Separately combine the fractions 38.5 ml Ultra Clear
Thinwall corresponding to each band and dilute with VPA
to fill one 38.5 ml Ultra Clear Thinwall centrifuge tube each.

Pellet virus overnight in a suitable swing-out rotor at 76,800 x g4
and 4 °C.

Discard supernatant and resuspend the pelleted virus in
100-200 pl of cold (4 °C) 50 mM sodium borate, pH 7.4
(see Note 11).

Freeze 50 pl aliquots at —80 °C for long-term storage. If neces-
sary, store in smaller aliquots to avoid repeated freeze /thawing
cycles which may lead to virus inactivation. Purified virus is
normally at ~10!! TCID5,/ml, with a total virus concentration
of between 1 and 5 mg/ml. The second fraction has usually
about ten times lower infectivity.

Analyze 1 pl of the HRV preparation alongside with protein size
markers by denaturing and reducing (Tris—HCI based) discon-
tinuous SDS-PAGE on a 15 % mini-gel (0.75 mm thick) fol-
lowed by Coomassie Brilliant Blue R-250 staining (see Note 12).

. For concentration determination, dilute purified HRV 1:20

(v/v) in BGE-SDS; for other experiments use a final con-
centration of about 0.3 mg/ml in sample buffer (see
Subheading 2.2, step 4).

. DMSO (about 1: 4,000 (v/v) final dilution) and (optionally)

benzoic acid as EOF marker and internal standard might be
included (se¢e Note 13). Addition of two standards allows for
correction of slightly shifting EOF values by alignment of the
electropherograms [55].

. Starting from a typical virus preparation produce subviral

particles and fully dissociated virus as follows:

(a) Heat virus diluted in BGE-SDS (se¢ step 1) for 10-15 min
at 56 °C (in a water bath or a thermomixer) for complete
dissociation of virions into the individual protein subunits
(VP1-VP4) and the genomic RNA.

(b) Heat concentrated virus prepared as in Subheading 3.1.2,
step 15, to 56 °C for 10 min to obtain, almost exclusively,
intermediate A-particles [31] (see Note 14). Heating is
followed by sample dilution as in step 1.
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3.3 Gas-Phase
Electrophoretic
Mobility Molecular
Analysis of Rhinovirus

3.3.1 Removal

of Non-volatile Buffer
Components for GEMMA
Analysis (See Note 18)

(c) Heat virus diluted about ten times in BGE to 56 °C for
10 min to obtain, almost exclusively, B-particles. Dilute
sample further as in step 1 if necessary.

(d) Adjust the pH to <5.6 by mixing concentrated virus with
sodium acetate 50 mM (pH 5.0), incubate for 15 min at
ambient temperature, and re-neutralize by addition of
100 mM sodium borate (pH 8.3) to produce mainly
A-particles [31] (see Note 15). Then dilute sample as in
step 1 if necessary.

. Add benzoic acid and DMSO to the subviral particle-containing

sample(s) as above (step 2; see Note 16).

. Transfer about 10 pl of diluted (and cleared) sample to a vial

with a cone-shaped interior cup, close with a snap cap, and
place in the CE tray.

. Inject samples into the capillary at around 250-450 mbar s

(depending on the intended peak height and the sample
concentration).

. Calculate virus concentration (mg/ml) by correction of the

virus peak area for migration time and taking into account
the sample dilution before relating the value to a reference
electropherogram of known virus concentration (see Note 17).

. Flush the capillary with sodium hydroxide followed by water

(postconditioning) and with the respective BGE (precondi-
tioning) between runs for 2 min each.

. Dilute purified HRV-A2 with 50 mM ammonium acetate

buffer (pH 8.5) to about 0.25 mg/ml and a final volume
of 30 pl.

. Transfer 500 pl ammonium acetate buffer in a 10 kDa MW

cutoft centrifugal filter tube (see Note 19). Weigh, add the
diluted virus, and weigh again. Calculate the difference in
weight for step 8.

. Centrifuge at 9,300 x 4 until most of the buffer has passed the

membrane (6.5-7 min; the filter should not run dry).

. Discard the eluate and replenish the retentate with 500 pl

ammonium acetate.

. Repeat centrifugation as in step 3.

6. Pour 50 pl ammonium acetate buffer onto the filter, mix gen-

tly, and collect the concentrated, buffer-exchanged virus-
containing sample.

. Wash membrane twice with 50 pl ammonium acetate by pipet-

ting the buffer solution up and down several times. Collect
each washing solution and pool with sample from step 6.

. The pooled samples (now in ammonium acetate) are weighed

and adjusted to ~25 pg/ml based on the original weight of the
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diluted virus (step 2) via addition of ammonium acetate,
assuming a buffer density of 1 mg/pl. Store at 4 °C until use
(see Note 7).

3.3.2 GEMMA Settings 1. After buffer exchange, dilute HRV-A2 in the same ammonium
acetate buffer to a final concentration of about 2.0 nM
(see Note 20).

2. Use the following settings for GEMMA analysis of the diluted
HRV-A2 sample:

(a) 0.1 lpm (liters per minute) sheath flow of CO2 (Messer,
99.5 %) and 1.0 lpm sheath flow of particle-free com-
pressed air for the nano ES process (see Note 21).

(b) 4.4 psid (pounds per square inch differential, approxi-
mately 30 kPa) pressure difference across the capillary for
introduction of samples into the capillary.

(c) Operate the nano ES source at ~2-3 kV positive polarity,
resulting in currents of 300400 nA (the actual value
depends on the buffer/electrolyte used in the analysis) to
achieve a stable spray in the cone jet mode.

(d) Set the sheath flow of the nano DMA to 15 Ipm particle-
free air for analysis of analytes in the range of 3-50 nm EM
diameter (which includes HRYV, see Subheading 1.4).

3. Carry out individual measurements for ~110 s corresponding
to the analyzed EM diameter range, followed by ~20 s reset
time.

4. Compute a median GEMMA spectrum from 5 to 10 individ-
ual scans to eliminate non-reproducible spikes.

3.4 Negative 1. Place a copper grid (400 mesh) with the carbon-coated side
Staining Transmission facing up onto a cleaned microscope slide and glow discharge
Electron Microscopy in a Baltek 500 Bal-Tec SCD Sputter Coater for ~30 s at 20 mA
of HRV and Its Subviral (see Note 22).

Particles 2. Place 4 pl drops of virus-containing sample, three or more

20 pl drops of water, and two 20 pl drops of staining solution

3.4.1 Negative Staining . . . .
on a piece of parafilm; keep at distance to avoid mixing.

of Virus Specimens
3. Clamp the grid with tweezers outside the glow-discharged area.

4. Contact grid with the sample for ~60 s. Longer times might be
necessary with more diluted samples to allow for sufficient
adsorption of the protein on the carbon surface.

5. Blot off the surplus of sample from the grid onto a Whatman
filter paper.

6. Wash away residual unbound sample by touching a drop of
water. Blot off with filter paper.

7. Repeat with at least two more drops of water on the parafilm.
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3.4.2 Transmission
Electron Microscopy
of Negative-Stained
Rhinovirus Specimens

8.

10.

Touch the first drop of negative stain with the grid and wait for
20 s. Remove excess stain by draining with filter paper.

. Touch the second drop of negative stain for 1 min and blot off

surplus stain with filter paper.

Finally air-dry and secure in a grid box or Petri dish in a vacuum
chamber until viewing in a transmission electron microscope.

The following are instructions covering the essential operational
steps for image acquisition of negative-stained rhinovirus speci-
mens with an FEI Morgagni 268D electron microscope operating
at 80 kV. Some adaptation will be required for other types of TEM.

1.

Remove Petri dish containing stained carbon grids from the
vacuum chamber and fix the grid tightly in a standard micro-
scope holder for the EM.

. Fill liquid nitrogen tank with ~850 ml of liquid N, to cool and

stabilize the microscope.

. Switch on the microscope internal user interface.

4. Check if the vacuum and high-tension status of the microscope

11.

12.
13.

are stable and running. Immediately report any problems that
prevent normal operation to the lab/facility manager.

. Remove the projection chamber window cover and switch on

the high-tension console on the microscope.

. Switch on the filament heating in high-tension window. The

beam should slowly become visible in the projection chamber
(see Note 23).

. Wait until the electron beam intensity reaches the saturation

limit.

. Set spot size of the electron beam to 3.

. Manually set the condenser aperture to 300 pm aperture.
10.

With no specimen in the microscope, go from low-magnification
(or shadow-magnification) mode to higher magnification
mode (e.g. 1.4 k x magnification), bring the beam to crossover
and center it on the phosphorescent screen with Beam shift X
and Beam shift Y knobs.

Spread beam with the “Intensity” knob to the size of the small
circle displayed in the center of the phosphorescent screen and
if necessary, re-center by adjusting the condenser aperture with
X and Y screws on the microscope column.

Go back to low or shadow mode.

Insert holder with the stained grid into the microscope stage.
Once vacuum is produced after activating the pump allow the
holder to go into the microscope column. The objective aper-
ture has to be out.
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14.

15.

16.

17.

18.
19.
20.

Screen the whole grid to identify grid squares where carbon
film is visible.

Mark the coordinates of at least three grid squares of interest
per grid in stage tab of the user interface without saving the
optical settings.

Go to a higher working magnification (880x and above) and
insert the objective aperture (typically 50 pm). If the beam
disappears, or if the image is seen in inverted contrast, center
the objective aperture:

(a) Make sure that the camera is not inserted (see Note 24).

(b) Focus the sample at working magnification and switch on
the diffraction mode.

(c) Using the X and Y objective screws on the microscope
column center the objective aperture (outer circle) around
the beam spot. It is not necessary to center it exactly.
Do this quickly in order to prevent damage to the speci-
men by the high-intensity electron beam.

(d) Go back to the phosphorescent screen by switching off the
diffraction mode. Spread beam across the whole screen
with the “Intensity” knob if necessary.

If changing magnification: Center the electron beam with X
and Y beam shifts and adjust the beam spread with “Intensity”
knob.

Start digital image acquisition using the iTEM software.
Save images on an internal server or an external hard drive.

Remove sample holder and replace the grid with a new sample
grid. Insert sample holder into the TEM and repeat the proce-
dure starting from step 14.

4 Notes

. Bottles and tubes to be used must be suitable to the make and

model of the centrifuge or ultracentrifuge used.

. Omission of Mg** in the infection medium reduces the final

yield of HRV to about 10 %.

. In our experience there was no significant difference when

measuring virus at 200 or 205 nm; nevertheless, the same
wavelength should be used in comparative measurements.

. Native virus and A-particles are also detected at 260 nm indi-

cating the presence of RNA.

. Bufters are stored at 4 °C prior to usage. Since this leads to

detergent separation from the aqueous buffer phase, allow BGE
stocks to equilibrate to room temperature and mix the solu-
tions thoroughly before drawing aliquots. This, however, leads
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10.

11.

12.

to excessive foaming during vortexing. Therefore, BGE prepa-
rations are usually made the day prior to CE analysis to allow
collapse of the foam during overnight storage. BGE homogeni-
zation on the day of analysis is then done by just gently shaking
the flask. In order to further reduce spikes recorded during
electrophoresis, centrifuge the BGE prior to application.

. Benzoic acid (BA) has rather low solubility. Therefore, use

concentrations of around 1 mg/ml for preparation of a stock
solution. Initially run BA alone and the samples without add-
ing BA in parallel to check whether its peak overlaps with an
essential peak in the electropherogram of the samples.

. Ammonium acetate serves as electrolyte solution to electrospray

HRV-A2 after buffer exchange; its pH is of importance: HRV-
A2 is stable at neutral or slightly basic pH; however, we
observed that storage in ammonium acetate of pH 7.4 (which
we also used for GEMMA) leads to some uncoating. This is
probably due to its low buffering capacity at this pH; on uptake
of CO,, the pH might drop, even upon overnight storage.
Therefore, we usually employ ammonium acetate of pH 8.5 as
electrolyte solution.

. Inclusion of an internal standard, such as thyroglobulin, allows

for semiquantitative evaluation of the recorded spectra.

. Cell sheets detached from the flasks need to be dispersed into

single cells by carefully aspirating with a pipette and ejecting
them repeatedly. This is best done in a small volume. The con-
centrated suspension is then mixed with suspension medium
that is low in Ca*, thus reducing the formation of clusters.
Horse serum is used because it also contains less Ca?* than fetal
calf serum and is cheaper. It is highly recommended to test
several batches in advance in a small-scale pilot infection exper-
iment of suspended HelLa cell culture in order to pick a lot that
gives the highest virus yield.

At this time post-infection most virus progeny still reside inside
the cells and can be efficiently released by freeze-thawing in a
small volume of buffer. Processing the cells after virus-induced
lysis has occurred slightly increases the yield. However this
requires handling much larger volumes containing substantial
amounts of serum proteins that need to be removed.

Sodium borate buffer lacks UV absorbance and is compatible
with amino-specific labeling reagents.

Virus obtained from the lower band (“first fraction” virus) is
typically of high purity according to SDS-PAGE and CE UV;
virus retrieved from the upper band (“second fraction” virus) is
less pure, presumably due to co-sedimenting ferritin that gives
rise to a brownish color and a series of closely spaced bands in
the SDS-PAGE at about 20 kDa (compare lanes 1 and 2 in
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13.

14.

15.

16.

17.

Fig. 1a). The origin of the apparently different sedimentation of
the virus in the first and second fractions is unclear. The specific
infectivity of the second fraction is lower with respect to the first
fraction. For most structure-function experiments we thus use
“first fraction” virus and “second fraction” virus for pilot experi-
ments with lesser demand on sample purity such as ELISA.

DMSO (1:200 (v/v) in water) is further diluted 1:20 (v/v)
upon addition to the samples to achieve a final dilution of
1:4,000 (v/v); to adjust for peak height (the marker peak
should not considerably exceed the peak height of the analyte)
an even higher overall DMSO dilution can be employed.
Benzoic acid is usually employed at about 0.02 mg,/ml; again,
this can be varied to appropriately adjust the relative peak
height to the analyte peak.

In the presence of divalent cations the ratio between A- and
B-particles is increased [32].

The appropriate volume ratio must be determined beforehand
by mixing larger amounts of plain buffers and checking the
resultant pH (<6.5 or ~7.5) with a pH electrode prior to the
virus uncoating experiments.

All samples to be analyzed by CE except when testing freshly
purified virus preparations should have concentrations of
~0.3 mg/ml as already stated in step 1 of Subheading 3.2, via
appropriately diluting prior to or after the treatments, such as
heating or acidification. Before CE analysis, it is beneficial to
remove aggregates by centrifugation (30 s in an Eppendorf
centrifuge at full speed) to prevent occurrence of spikes in the
electropherogram; in particular, A-particles tend to aggregate
because of their hydrophobic nature.

uEOF values vary slightly between experiments and, therefore,
also the analyte migration time. Hence, a particular substance
passes through the detection window at different velocities
from one experiment to the next. The lower the velocity, the
longer the passage time and consequently, the larger the peak
area (and vice versa). Quantitative applications of CE therefore
require introduction of a correction factor accounting for the
above variability of migration time to allow for an accurate
comparison between the peak area of a particular sample and a
standard preparation run separately. This is done using the
following formula:

corrected peak areag,,,.=measured peak areagmpie - ( Lrandard/ Zample)

Cample = (corrected peak areagmpi/peak areagangud) - (dilutiong,,
dard/ dilUtIONGpie ) * Cotandard

The concentration of the virus (mg,/ml) as obtained from
the peak area recorded at 200 or 205 nm, calculated by using
the above equation and a virus sample of known concentration,
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18.

19.

20.

21.

22

23.

24.

can be converted to the number of virions/ml using M, ~8.5
MD. The concentration of a pure virus sample can also be
calculated using the following relationship: 1 mg /ml viri-
ons="7.7-Ays [56].

Non-volatile sample components (e.g., salts, sugars, and surfac-
tants) might form aggregates on evaporation of the solvent
droplets; they then behave like larger particles in terms of their
EM diameter. For this reason, volatile electrolyte solutions (such
as ammonium acetate) must be employed as GEMMA sample
bufters. Unsuitable solutions (e.g., sodium borate present in
purified HRV-A2) must be exchanged against a volatile buffer.

Buffer exchange via size-exclusion chromatography on Sephadex
is not advisable; we found low-molecular-weight oligosaccha-
rides apparently released from the dextran polymer beads.

Depending on the bore size of the capillary the virus concen-
tration should be between 0.5 and 2.0 nM.

Sheath flow of CO, and air controls the sizing range for a given
GEMMA setup; increasing the sheath flow leads to sharper
analyte peaks [40] but reduces the EMD size range that can be
analyzed.

. We use grids immediately after glow discharge, which renders

them hydrophilic allowing for efficient binding and even distri-
bution of the virions.

If the electron beam does not become visible in the projection
chamber, then check (1) for proper heating of the filament; (2)
if the camera is turned on, (3) the projection chamber cover
has been removed, (4) the beam blanker is off, or (5) the small
projection screen is blocking the beam. Another possible rea-
son is improper centering of the electron beam on the speci-
men at high magnification. Go to low or shadow mode and
check if the beam needs to be re-centered.

It is essential to make sure that the camera is moved out while
adjusting the objective aperture. Omitting this step can lead to
damage of the camera’s scintillator and eventually also perma-
nently ruin its CCD sensor due to the high intensity of the
electron beam in diffraction mode.
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Chapter 10

Proteases of Human Rhinovirus: Role in Infection

Lora M. Jensen, Erin J. Walker, David A. Jans, and Reena Ghildyal

Abstract

Human rhinoviruses (HRV) are the major etiological agents of the common cold and asthma exacerbations,
with significant worldwide health and economic impact. Although large-scale population vaccination has
proved successful in limiting or even eradicating many viruses, the more than 100 distinct serotypes mean
that conventional vaccination is not a feasible strategy to combat HRV. An alternative strategy is to target
conserved viral proteins such as the HRV proteases, 2AP* and 3CP, the focus of this review. Necessary for
host cell shutoff, virus replication, and pathogenesis, 2AP® and 3CP™ are clearly viable drug targets, and
indeed, 3CP has been successfully targeted for treating the common cold in experimental infection. 2AP©
and 3Cr are crucial for virus replication due to their role in polyprotein processing as well as cleavage of
key cellular proteins to inhibit cellular transcription and translation. Intriguingly, the action of the HRV
proteases also disrupts nucleocytoplasmic trafficking, contributing to HRV cytopathic effects. Improved
understanding of the protease-cell interactions should enable new therapeutic approaches to be identified
for drug development.

Key words Human rhinovirus, 3C protease, 2A protease, Disruption of nuclear transport, Subcellular
localization, Inhibition of cap-dependent translation

1 Introduction

Human rhinoviruses (HRV) are the major etiological agents of the
common cold, with significant worldwide health and economic
impact, from both the initial infection with HRV and secondary
infections [1, 2]. Although HRV infection is self-limiting and causes
mild symptoms, in elderly patients or those with underlying respira-
tory illness, such as asthma, infection may result in severe complica-
tions [3—-6]. HRV infections cause up to 80 % of all virus-induced
asthma exacerbations [7, 8], which are associated with up to 16
deaths per week in Australia (http://aihw.gov.au/deaths-from-
asthma/) and 25 per week in the USA (http: //aithw.gov.au/deaths-
from-asthma/). Although vaccination has been a highly successful
strategy to limit and indeed to eradicate viruses, vaccination for
HRYV does not appear to be feasible as there are over 100 distinct
serotypes [9] (see chapter by Palmenberg and Gern in this volume)
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and cross-reactions between only small groups of serotypes have
been reported [10, 11]. A more viable strategy for limiting disease
severity is to target well-conserved viral proteins or their interac-
tions with host proteins.

HRV belongs to the Picornaviridae family and has a single-
strand, positive-sense RNA genome [12]. It is classified within the
enterovirus genus typified by poliovirus [13]; indeed, initial
advances in the understanding of HRV biology derive from its
close relationship to poliovirus [14], culminating in sequence anal-
ysis of HRV from laboratory strains and field isolates [2, 15, 16]
and recently, with the description of HRV-C [17]. HRV are com-
monly grouped by receptor usage or on the basis of genomic
sequence homology; these groupings are described in detail in the
chapter by Palmenberg and Gern in this volume.

The HRV genomic RNA includes open reading frames for 12
proteins flanked by a 5’ Vpg (encoded within the genome) and a
3’ poly-A tail; structural proteins are encoded in the 5 region of
the genome, while the nonstructural proteins are encoded in the 3’
region [2, 13, 18]. Following virus attachment and genome release
into the host cell cytoplasm, the viral RNA is translated into a single
polyprotein that undergoes proteolytic self-cleavage by the viral pro-
teases 2A and 3C (2AP™ and 3CP, respectively; see Fig. 1) [2, 19]
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Fig. 1 Overview of HRV genome organization and polyprotein processing. The HRV genome is organized as a
single positive-strand RNA, which is translated as a single polyprotein; the polyprotein consists of structural
proteins (P1, shown in red) and nonstructural proteins (P2 and P3, shown in green and blug). As the nascent
polyprotein is produced, the primary cleavage points produce the P1, P2, and P3 fragments, which are then
cleaved via secondary cleavages into individual viral proteins. The specific protease responsible for each
cleavage is shown by thin and thick arrows (2AP° and 3CP", respectively)



Proteases of Human Rhinovirus: Role in Infection 131

as the polyprotein is being synthesized, generating functional
structural and nonstructural proteins for continued viral RNA rep-
lication [20] and assembly of progeny virions. 2AP® initiates poly-
protein cleavage by releasing the nonstructural proteins from the
capsid/structural proteins [21, 22 ], while 3CP™ releases the other
viral components. Initial cleavage by 2AP™ ensures the release of
the precursor capsid protein P1 from the polyprotein. P1 is then
cleaved into its component parts VPO, VP3, and VP1 by 3Cre
(Fig. 1; 23-25). 2AP™ catalyzes its own release from the polyprot-
ein, but does not appear to act on cellular substrates as part of the
larger protein [22]. In contrast, 3CP™ can function as its precursor,
3CreD, before it is cleaved from 3D [19]. Specific and timely
cleavage of the polyprotein into its functional components is essen-
tial for virus replication and assembly, making the proteases viable
targets for drug development. Indeed, major effort has been
focused on the development of specific inhibitors of 3CP™ that are
effective across HRV serotypes (e.g., 20, 26, 27). Several publica-
tions have described the families of 3CP™ inhibitors that have been
developed using structure-based design and will not be discussed
in detail here. The most efficacious inhibitor to date is Rupintrivir
(formerly AG7088), an irreversible HRV 3Cr® inhibitor that
showed strong promise in the laboratory against all HRV serotypes
and clinical isolates [18, 27] due to its interaction with a highly
conserved amino acid sequence in 3CP™ [20]. While Rupintrivir
showed efficacy in subsequent clinical trials, presenting a reduced
viral load and illness severity in experimental infection [28], it did
not significantly decrease viral load or illness severity in natural
infection due primarily to a requirement for the drug to be taken
either prior to or immediately after infection, and further trials
were terminated [29].

Demonstration of the link between HRV infection and asthma
exacerbation has resulted in increased interest in drug develop-
ment targeting HRV, while the availability of a reverse genetic sys-
tem for HRV, new immunochemical tools to study 2Ar™ and 3Cr™,
and development of new imaging technologies have resulted in a
greater understanding of HRV biology. In this chapter, we discuss
current understanding of the role of HRV proteases in infection.
Given that picornavirus proteases are conserved across families,
they present a viable target for drug development, but a practical
approach may also be to target interactions of proteases with cel-
lular factors rather than the proteases directly.

2 Protease Structure and Activity

HRV14 [13] and HRV2 [2] were the first two HRV serotypes to
be completely sequenced. Comparison of the protease sequences
from these two serotypes with mammalian and bacterial proteases
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revealed that the 2AP™ and 3CP™ sequences, while largely dissimilar
to other proteases, retain some sequence homology with small and
large bacterial trypsin-like proteases, respectively. The results from
genetic [ 14, 15], mutagenic [14, 30, 31], and modeling [32, 33]
studies on different serotypes concur that the catalytic site struc-
ture of 2AP™ and 3Cr, despite containing a cysteine (Cys) nucleo-
phile, is most similar to that of small bacterial or large trypsin-like
serine (Ser) proteases, respectively [15]. The classification of the
Cys nucleophile-containing 2AP™ and 3CP™ as trypsin-like Ser pro-
teases is unconventional, as natural trypsin-like proteases are nor-
mally classified based on the nucleophile (the central amino acid)
in the catalytic site which is either Ser, Cys, aspartic acid (Asp), or
zinc (Zn) [34]. Furthermore, while there is very low homology
between HRV 2AP™ or 3CP and trypsin-like Ser cellular proteases,
the two HRV proteases have high homology with one another,
suggesting that 2AP and 3CPe diverged from a common ancestor
[15]. As can be seen in Fig. 2, 2AP© and 3CP™ from HRV2 and
HRV16 show high amino acid homology, yet there are critical dif-
ferences in some amino acid residues.

Studies examining the substrate requirements of HRV14 3Cr
expressed in Escherichin coli indicate that the protease requires an
authentic glutamine /glycine (Gln/Gly) highly scissile bond to be

HRV2 2A 1 VHVGNLIYRNLHLFNSEMHESILVSYSSDLIIYRTNTVGDDYIPSCDCTQATYYCKHKNR
HRV16 2A 7 VHVGNLIYRNLHLFNSDIHDSILVSYSSDLIIYRTSTQGDGYIPTCNCTEATYYCKHKNR
- * Kk k ok k k k ok ok ok ok ok ok ok ok ok * kkhk Kk khkkhkkkhkkhkxkkkkx ok * Kk kkkx k kk Kk kkkkhkkkxk
HRV2 2A 61 YFPITVTSHDWYEIQESEYYPKHIQYNLLIGEGPCEPGDCGGKLLCKHGVIGIVTAGGDN
HRV16 2A 67 YYPINVTPHDWYEIQESEYYPKHIQYNLLIGEGPCEPGDCGGKLLCKHGVIGIITAGGEG
- * kK Kkk Ahkhkhhkhkhhkhkhkkhkhkrhkkhkhhkhkhkhkrkhkkhhkhkhkhhhkkhkkhhkrhkkhkhhkkhkhkhkrxkhkkhkhkx **x*x*k
HRV2 2A 121 HVAFIDLRHFHCAEEQ
HRV16 2A 127 HVAFIDLRHFHCAEEQ
- Kk ok kk Kk kkkkxkkkkk
HRV2 3C 1 GPEEEFGMSLIKHNSCVITTENGKFTGLGVYDREFVVVPTHADPGKEIQVDGITTKVIDSY
HRV16 3C 1 GPEEEFGMSIIKNNTCVVTTTNGKFTGLGIYDRILILPTHADPGSEIQVNGIHTKVLDSY
- FhkkhkxrhkKdhkkk, *k * K Kk K,k khkhkxkkkkk Kxk*k Kk kxrkhkkhkx Khkkk Kk xhkk Kkkk
HRV2 3C 61 DLYNKNGIKLEITVLKLDRNEKFRDIRRYIPNNEDDYPNCNLALLANQPEPTIINVGDVV
HRV16 3C 61 DLFNKEGVKLEITVLKLDRNEKFRDIRKYIPESEDDYPECNLALVANQTEPTIIKVGDVV
- * * * kK * ok Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok * kK * Kk k ok k k ok ok ok ok * Kk kK ok ok ok ok * Kk ok ok ok
HRV2_3C 121 SYGNILLSGNQTARMLKYSYPTKSGYCGGVLYKIGQVLGIHVGGNGRDGFSAMLLRSYFT
HRV16 3C 121 SYGNILLSGTQTARMLKYNYPTKSGYCGGVLYKIGQILGIHVGGNGRDGFSSMLLRSYFT
- * Kk ok k k ok k ok ok * ok ok ok ok ok k ok Kk k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok * Kk k ok ok ok ok ok ok ok ok ok ok ok * %k Kk ok ok ok ok
HRV2_ 3C 181 DVQ
HRV16 3C 181 EQQ
*

Fig. 2 Amino acid sequence alignment of HRV2 and HRV16 for 2AP™ and 3CP. Asterisks indicate conservation

of amino acid between HRV2 and HRV16




Proteases of Human Rhinovirus: Role in Infection 133

present in substrate peptides and, in vitro, it is unable to cleave
mutagenically substituted cleavage sites in a synthetic protein.
Interestingly, even though the presence of the natural Gln/Gly
bond is necessary for 3CP™ activity in vitro, the presence of the
GIn/Gly bond does not necessarily confer 3CP cleavage (i.e., they
are not mutually inclusive) [30, 35]. For example, experimental
production of an authentic peptide with a Gln/Gly bond, corre-
sponding to an internal coding region of the 3CP™ sequence, is not
recognized as a cleavage site by 3CP™ in vitro, in vivo, or during
infection [35] suggesting that there is a secondary characteristic of
either the 3CP™ or the peptide which is critical for recognition and
cleavage. Recognition, in vivo, almost certainly occurs based on
the primary sequence, as well as the secondary and tertiary struc-
ture, of the polyprotein [19, 36, 37].

Substitutions in the 3CP™ amino acid sequence at histidine-40
(His-40), glutamic acid-71 (Glu-71), or Cys-146 result in proteo-
lytically inactive 3CP™ mutants [37]. Although the amino acid sites
on the polyprotein necessary for 3CP cleavage are well docu-
mented, the role of the secondary and tertiary structure of the
polyprotein necessary for 3CP™ recognition remains uncertain.
This is partly due to the limited amino acid homology of cleavage
site flanking sequences between different serotypes [19, 37] (e.g.,
HRV2 and HRV16, see Fig. 3), and that the crystal structure of the
polyprotein has not been examined for all known HRV serotypes.
Examination of the secondary and tertiary structure of the prote-
ases from different serotypes will, undoubtedly, provide many
insights into the role of amino acid sequence /physical structure on
HRV during infection.

Similar results have been obtained for HRV 2Are. The cleav-
age sites of numerous serotypes are heterogeneous; amino acids on
the P’ side of the cleavage site are highly conserved between many
serotypes and the 2AP™ appears to favor a P1 site of valine (Val) or
alanine (Ala). Preferred amino acids for 2AP™ activity also occur at
P2 (threonine or asparagine) and P3 (threonine or lysine) and the
P4 residue is aliphatic in all examined cases. The HRV14 2AP© is
the exception, requiring tyrosine (Tyr) and Ser at P1-P2, respec-
tively. Mutagenesis of the P1 residues resulted in reduced cleavage
by HRV2 2Are in few cases, though the majority of residue substi-
tutions did not significantly affect the cleavage ability of HRV2
2Ar©. However, when the P1’ residue was changed from Gly, 2Ar™
could no longer cleave at this position for any of the serotypes
examined. Interestingly, 2AP™ does not appear to have particular
specificity for its own cleavage site [38]. Since 2AP™ is known to
bind to its own cleavage site in cis, and other polyprotein cleavage
sites in trans, these conformations have been suggested to be
responsible for the permissive binding capacity of 2AP™ at its own
cleavage site, with stricter conditions for binding other sites in
trans [ 38, 39].
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kkkhkkkk *k Kkkkkxk

VP2/VP3 cleavage site:
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VP3/VP1l cleavage site:

HRV2 LQSGAIAQ/NPVENYID
HRV16 KQTGPITQ/NPVERYVD
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VP1/2A cleavage site:

HRV2 TRPIITTA/GPSDMYVH
HRV16 PRTNLTTV/GPSDMYVH
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2A/2B cleavage site:

HRV2 HFHCAEEQ/GVTDYIHM
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2B/2C cleavage site:

HRV2 QLNYIHKE/SDSWLKKFEF
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2C/3A cleavage site:

HRV2 DVMTAIFQ/GPIDMKNP
HRV16 DVMSAIFQ/GPISMDKP
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3A/3B cleavage site:

HRV2 YKLFCTLQ/GPYSGEPK
HRV16 YKLFCSLQ/GPYSGEPK
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3B/3C cleavage site:

HRV2 PERRVVTQ/GPEEEFGM
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3C/3D cleavage site:

HRV2 LRSYFTDVQ/GQITLSKK
HRV16 LRSYFTEQQ/GQIQISKH
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Fig. 3 Amino acid sequence alignment of HRV2 and HRV16 polyprotein cleavage
sites. Asterisks indicate conservation of amino acid between HRV2 and HRV16.
Underlined residues correspond to the underlined viral protein, as indicated in
each sub-heading; the amino acid at the junction of underlined and non-under-
lined amino acid sequences indicates the cleavage site between the two viral
proteins. For reference, eight amino acid residues have been given for either side

of the cleavage site for HRV2 and HRV16
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3 Proteases and the Host Cell

Table 1

Apart from their essential role in polyprotein processing, proteases
also target several host proteins for cleavage (Table 1), either to
mobilize cellular components for viral use or to inhibit specific
antiviral pathways. As both 2AP™ and 3CP™ have been implicated in
cleavage of cytoplasmic and nuclear proteins, altering cellular
functions, assessment of their subcellular localization in HRV-
infected cells can be a measure of the accessibility of the reported
target proteins to 2AP™ and 3CP™ activity.

Host cell proteins targeted by HRV proteases

Cellular Viral
Host protein localization Cellular effect protease  Reference
PABP (poly-A- Cytoplasmic Host translation 2Ar°and  Chase and Semler [55],
binding protein) shutoff 3Cpre
eIF4G (eukaryotic Cytoplasmic Host translation 2Apr Etchison and Fout
translation shutoff [56], Berstein [80],
initiation factor 4G) and Lloyd et al. [57]
MAP4 (microtubule-  Cytoplasmic Disruption of host 3Cpro Joachims et al. [47]
associated microtubule
protein 4) network
OCT1 (octamer- Nuclear Disruption of host 3Cpro Amineva et al. [40]
binding transcription
transcription factor)
PCBP2 (poly(rC)- Nuclear and Enhance viral 3Creand  Andino etal. [63],
binding protein 2) Cytoplasmic translation/RNA 3CreD Andino et al. [64],
replication Parsley et al. [65],
and Gamarnik and
Andino [66]
Nupl53 Nuclear Disruption of 2Ar°and/ Watters and
(nucleoporin 153) membrane nucleocytoplasmic or 3Crr Palmenberg [71] and
transport Walker et al. [75]
Nup98 Nuclear Disruption of 2Ar© Watters and
(nucleoporin 98) membrane nucleocytoplasmic Palmenberg [71] and
transport Walker et al. [75]
Nup214 Nuclear Disruption of 2Areand/ Watters and
(nucleoporin 214) membrane nucleocytoplasmic or 3Cpe Palmenberg [71] and
transport Ghildyal et al. [76]
Nup62 Nuclear Disruption of 2Apr Park et al. [81]
(nucleoporin 62) membrane nucleocytoplasmic

transport
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3.1 Subcellular
Localization of 3G’

3.2 Subcellular
Localization of 24P

3.3 Effect on Cellular
Response to HRV
Infection

During the initial stages of infection, 3CP-containing viral proteins
begin accumulating in the nucleus, with these viral proteins gradu-
ally becoming cytoplasmic 4 h post-infection. As well as being
located in the nucleus with access to RNA synthesis machinery, it
has been shown that 3CP co-localizes with the nucleolar chaper-
one protein nucleophosmin B23 [40], critical in ribosomal subunit
assembly [41, 42]. Soon after synthesis, 3CP*-containing proteins
are located in punctate regions in the nucleoli. By 8 h, 3Cre is
ubiquitous in the cell. Furthermore, although mature 3CP™ is small
enough to diffuse across the nuclear membrane, large 3CP™ pre-
cursors are able to enter the nuclei of the cell via an as yet unde-
fined mechanism [40]. 3CP™ and 3CPD are thus ideally localized
to act on nuclear as well as cytoplasmic components.

Localization of 2AP™ in HRV-infected cells appears to be cell-type
dependent. In human bronchial epithelial cells, 2AP™ is localized in
the cytoplasm, and also as strong, distinctly perinuclear circles. In
HRV-infected HeLa cells, 2AP© is cytoplasmic but not nearly as
distinct on the periphery of the nucleus [43]. Thus, 2AP, by virtue
of'its localization, has access to cytoplasmic substrates, but may not
have access to components within the nuclei.

3Cr of some HRV serotypes is able to directly cleave melanoma
differentiation-associated protein 5 (MDA-5) [44] and retinoic
acid-inducible gene 1 RIG-I [45], cytoplasmic sensors of viral
nucleic acids [46]. HRV14 3Cr also cleaves the cytoskeletal pro-
tein, microtubule-associated protein 4 (MAP-4), which results in
depolymerization of the cellular microtubule network [47].
Picornavirus 3Cr directly and indirectly acts on cellular DNA-
dependent RNA polymerases (polymerase I, pol II, and pol III)
[48] via cleavage of polymerase-associated factors, or regulators,
including but not limited to TATA-box-binding protein (TBP) (in
poliovirus at least) [49], octamer-binding protein (OCT-1) [40],
histone H3, and DNA polymerase III (shown for encephalomyo-
carditis virus-infected [50] and poliovirus-infected [51] cells,
respectively, and likely to be analogous in HRV infection). As well
as effects on cellular components in individual cells, HRV 3Cr™ has
also been shown to increase production of interleukin-8 (IL-8) and
granulocyte macrophage colony-stimulating factor (GM-CSF) in
an HRV16 3Cre-transfected cell culture system, by inducing tran-
scription from IL.-8 and GM-CSF promoters of a luciferase reporter
in an activator protein 1 (AP-1) and nuclear factor kappa-light-
chain enhancer of activated B cell (NF-kB)-dependent manner
[52]. Interestingly, if intercellular adhesion molecule 1 (ICAM-1) is
bound to anti-ICAM-1 in HRV16-infected human respiratory epi-
thelial cell line (BEAS-2B), there is an inhibition of IL-8 produc-
tion[53]. However,areductionin IL-8 with ICAM-1 /anti-ICAM-1
binding is not seen in primary human bronchial epithelial cells
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during HRV16 infection, even though there is a reduction in
RANTES (regulated on activation, normal T cell expressed and
secreted) production [54]. In these studies, the authors suggest
that 3CrP alone is sufficient for induction of IL-8 during HRV
infection. While the precise mechanism of this complex cytokine
induction, or the role of protease activity therein, is unknown, it is
likely, as suggested above, that attachment via ICAM-1 plays a role
in the initiation of cytokine /chemokine induction during infection.
Alternatively, as only the 3CP was transfected in these in vitro sys-
tems, at an amount which may be higher than during natural infec-
tion, it may be a complex interaction between attachment,
transcription of viral RNA, or synthesis of other viral proteins which
induce the promoters to produce IL-8 and GM-CSF.

During the initial stages of infection, HRV induces structural and
functional modifications in the host cell translation machinery,
subverting host cell ribosomes so that only viral RNA will be
translated. In contrast to cap-dependent cellular translation, viral
RNA translation is mediated via the cap-independent internal
ribosome entry site (IRES) in the 5’ noncoding region (NCR) of
the RNA [55]. In order to convert ribosomal cap-dependent to
cap-independent translation, HRV 2Ar™ cleaves the eIF4G com-
ponent of the eukaryotic initiation factor 4F (eIF4F) complex
[56, 57]. This complex comprises three multisubunit complexes:
elF4E, eIF4A, and eIF4G which mediate cap binding by the com-
plex [58] and mRNA processing for ribosomal binding [59, 60]
and act as a scaffold for the eIF4E complex [61, 62], respectively.
The switch from viral translation to replication of the viral genome
is also achieved via redirection of host cell machinery through
strategic protease activity (see below).

There is limited literature on HRV in this regard; most of our
understanding comes from studies on poliovirus, which is presumed
to be typical for picornaviruses in general. The 3CP® and 3CPeD
cleave full-length poly(rC)-binding protein 2 (PCBP2) proteins,
which interact with loops in the 5" NCR, forming a complex
with 3CPD to initiate negative-strand RNA synthesis [63-66].
PCBP2 is composed of three heterogeneous nuclear ribonucleo-
protein (hnRNP) K homologous domains with a linker region [67].
The cleavage of this linker region by 3CPe disrupts PCBP2 bound
to 5’ NCR loops and halts cap-izdependent translation. The trun-
cated version, however, is still able to bind to one 5" NCR loop and
maintain viral RNA synthesis [67]. In order to benefit the virus,
there may be more host cell proteins that are cleaved to comple-
ment, or back up, PCBP2 cleavage in the change from viral RNA
translation to replication, though these remain poorly defined [55].

HRV14 3Crr cleaves poly (A)-binding protein (PABP) in three
places, and hence is believed to inhibit cap-dependent translation
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3.6 Disruption
of Nuclear Transport

indirectly [55]. In eukaryotic cells, PABP binds to the poly (A)
tract, has a flexible linker in the protein interaction domain at the
C-terminus (PABC), and has three recognition motifs for RNA
[68]; these recognition motifs assist in the circularization of the
mRNA to facilitate multiple rounds of translation [69]. Since viral
RNA translation occurs in a 5'-3" manner, and viral replication
occurs from 3’ to 5', there is a high probability that the ribosome
will collide with the polymerase unless there is a distinct switch
between translation and replication. Cleavage of PCBP2 and PABP
either affords a synergistic effect or functions to ensure that the
virus is able to switch between translation of viral proteins and rep-
lication of the viral genome [55].

Cleavage of distinct nucleoporin proteins (Nups) that are the
building blocks comprising the cellular nuclear pore complexes
(NPCs) results in disruption of signal-dependent nucleocytoplas-
mic transport and signaling in HRV-infected cells. This cleavage
has been attributed to HRV 2AP, which shows different cleavage
rates depending on whether 2AP* is from HRV-A, HRV-B, or
HRV-C. Additionally, HRV 2Ar™ cleaves multiple sites in several
Phe /Gly-containing Nups (FG Nups), which comprise the central
channel of NPCs, resulting in nuclear-cytoplasmic transport dis-
ruptions [70, 71]. Large molecules require the FG Nups to help
facilitate active transport across the nucleus via interactions with
the host cell importin (Imp) superfamily of transporters, while
small molecules of <50 kDa are able to transit the NPC by passive
diffusion. Cleavage of Nups in infected cells generally leads to an
efflux of nuclear proteins, such as Sam 68, La, PTB, SRp20, and
nucleolin, to the cytoplasm [71-73].

The specificities for 2AP® derived from different subgroups
vary greatly for Nup62, Nup98, and Nup153, as well as for eIF4G
(HRV-A>HRV-C>>HRV-B) [71]. This may be the reason why
HRV-B viruses are often associated with less virulent forms of
HRYV illness than HRV-A and HRV-C [74].

In a similar fashion to HRV 2Ar° HRV 3CP has been shown
to cleave Nupl53 in vitro [75], as well as Nup358 and Nup214
either directly or indirectly [76]. In HRV-infected cells, the order
of cleavage is postulated to be Nup98, Nupl53 followed by Nup62
(with cleavage of Nup98 and Nup62 believed to be mainly medi-
ated via 2AP). Interestingly, these Nups are all FG Nups involved
in shuttling molecules across the NPC, whereas 3CP does not
appear to cleave non-FG Nups, such as Nup93 and Nup133, which
are involved in NPC structure rather than transport through the
NPC; this correlates with the observation that the gross structure
of the NPC remains largely intact during HRV infection. The
effect of Nup cleavage by 3CP™ on the permeability of the nuclear
membrane is considerable, resulting in the diffusion into the
nucleus of large normally cytoplasmic molecules that lack nuclear
targeting sequences [76].
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4 Conclusions

As outlined above, the HRV proteases 2AP™ and 3CP™ are critical
for HRV infection and replication. Their ability to initiate host cell
shutoff’ by cleaving eIF4G (2AP®) to switch the cell to cap-
independent translation [56, 57] and cleaving PABP (3Cr™) to
indirectly inhibit cap-dependent translation [55] are example of
their critical role in virus replication. Further, immune system
modulation via cytokine induction [52, 77, resulting in the “cold”
symptoms and exacerbation of underlying airway illness, may relate
directly to the role of proteases in HRV infection.

Although HRV infection is usually self-limiting and causes
mild symptoms [3, 4], it is responsible for significant worldwide
health and economic impact [1, 2]. In particular, the many HRV
serotypes mean that vaccination is currently not an option [9]; a
prophylactic that limits disease by targeting well-conserved viral
proteins or interactions with host cells appears to be a more feasi-
ble option. Anti-HRV drug discovery research has focused on
inhibitors to prevent virus attachment to target cells, but since
HRVs use at least two different cellular receptors, ICAM-1 [78]
and LDL (low-density lipoprotein) receptor [79], targeting recep-
tor binding would require patients to take prophylactics blocking
both cellular receptors and antiviral treatment after laboratory test-
ing to determine the causative subtype. A better option appears to
be targetting viral proteins which are highly conserved between
the serotypes; the HRV proteases represent a highly practical
opportunity in this context. The encouraging results obtained in
experimental infection trials with the anti-3CP drug Rupintrivir
are consistent with this idea, and encourage optimism in anti-
protease drug development for the future.
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Chapter 11

A Protocol to Express and Isolate HRV16 3C Protease
for Use in Protease Assays

Lora M. Jensen, Erin J. Walker, and Reena Ghildyal

Abstract

Human rhinovirus (HRV) proteases are highly conserved across serotypes and have very similar target
specificity. However, there are some serotype-specific differences in their action. It is therefore necessary
when performing in vitro protease assays to ensure that the recombinant proteases are specific to the sero-
type of the HRV under study. We describe a simple method for isolating HRV16 3C protease from a bacte-
rial expression system, including transformation of bacterial cells with a commercially available cDNA
plasmid which can be adapted to use for 3C proteases from any other HRV serotypes. The extracted, active
3C protease can then be used for in vitro protease assays.

Key words HRV16 3C protease, In vitro protease activity assays, Recombinant protein purification

1 Introduction

Human rhinoviruses (HRVs) are small, positive-stranded RNA
viruses responsible for respiratory infections worldwide [1]. As
well as being the etiological agent responsible for the “common
cold,” infection with HRVs also results in the majority of asthma
exacerbations [2, 3]. Unfortunately there are currently no vaccines
against HRV as there are more than 100 serotypes, each of which
has different characteristics. The differences between HRV sero-
types extend beyond cross-reactivity to their viral components. Of
all the proteins in HRVs, the most active in driving the host cell
towards cap-independent translation and viral replication are the
viral proteases 2A and 3C (2AP© and 3CP, respectively). These
proteases are responsible for host cell machinery disruption via
cleavage of multiple host cell proteins (e.g., eIF4G, PABP) [4, 5];
disruption of cell nuclear-cytoplasmic transport by cleaving nuclear
pore proteins (e.g., Nup 62, Nupl153) [6, 7]; and potentially mod-
ulating the immune response [8]. The study of 2AP® and 3CP™ is
challenging as their characteristics vary between serotypes [5]. It is
therefore preferable when studying HRV proteases to isolate and

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
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manipulate the protease of the same serotype used in other
experiments. Here we provide a method for isolation of HRV16
3Crr from a commercial expression plasmid. This method relies on
the use of a bacterial expression system to produce the 3CP© of
interest. After expression and induction, the bacteria are centri-
fuged and the resultant pellet is lysed and cleaned to collect the
HRYV 3Crr. This protease can then be used in a protease assay to
cleave proteins, and results can be observed via Western blotting
methods. A similar method could be used for isolation and expres-
sion of the 3CP™ of any HRV serotype, or for expression of 2AP™.

2 Materials
2.1 Generating 1. BL21(DE3) competent cells or similar cells for protein
HRV16 3C Expression expression.

Clone and Inducing 3C 2. HRV16 3C cDNA expression plasmid (see Note 1).

Expression 3. Autoclaved Luria Broth: 85 mM NaCl, 1 % peptone (tryp-

tone), 0.5 % yeast extract.

4. Luria agar plates: 85 mM NaCl, 2 % bacterial agar, 1 % peptone
(tryptone), 0.5 % yeast extract with an appropriate antibiotic

added.
. 1 M isopropyl-beta-D-thiogalactopyranoside (IPTG).
. Sterile 17 x 100 mm culture tubes.
. Water bath at 42 °C.
. Shaking incubator at 37 °C.

o N O U

2.2 lIsolating . Pellet of E. coli IPTG-induced cells.

HRV16 3C 2. Native lysis buffer: 50 mM NaH,PO,, 300 mM NaCl, 10 mM
imidazole (pH 8.0).

3. Lysozyme (10 mg/mL).

—

2.3 Collecting 1. 0.05 % Trypsin/0.02% EDTA: Dissolve 1 g of EDTA (Na salt,

Ohio-Hela Cell Lysate MW 372.25) in 100 mL of 1x PBS. Autoclave. Dissolve 2.5 g
of trypsin in 100 mL of 1x PBS. Sterile filter. Aliquot into
1 mL aliquots and freeze.

2. 10x PBS: 26.82 mM KCl, 1.36 M NaCl, 101.48 mM
NazHPO4, 17.63 mM I<H2PO4

3. Complete media: 10 % FBS, DMEM, and 1x PSN.

4. RIPA buffer: 150 mM NaCl, 1 % Triton X 100, 0.1 % SDS,
0.5 % sodium deoxycholate (see Note 2), 50 mM Tris (pH 8).

5. 0.2 % Trypan blue.
6. Confluent flask /dish of Ohio-Hela cells.

7. Hemocytometer and cover slip.
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2.4 Setting 1. HRV14 10x cleavage buffer: 1.5 M NaCl, 0.5 M Tris-HCI
Up Protease (pH 7.5).
Reactions 2. Nuclease-free water.
3. Ohio-Hela lysate.
4. Collected HRV16 3C protease.
5. Laemmli buffer: 3 mM bromophenol blue, 30 % glycerol
(v/v), 346 mM sodium dodecyl sulfate (SDS), 0.35 M Tris
(pH 6.8), 603 mM dithiothreitol (DTT).
3 Methods

3.1 Generating
HRV16 3C Expression
Clone

3.2 Inducing
Expression of 3C
Protease

All reactions are set up on ice and must be kept as cold as possible,
unless otherwise specified.

1.

Precool culture tube on ice. Remove competent cells from
-70 °C freezer and place on ice for a few minutes, until the
cells are just thawed. Use 100 pL of cells per transformation.

. Add 25-50 ng of plasmid DNA to the thawed competent cells.

Quickly flick the tube to disperse the DNA. Place the tubes on
ice for 10 min.

. Heat shock the cells in the water bath at 42 °C for 90 s, and

then immediately place on ice again for 2 min.

. Add 900 pL of cold LB media to each tube and incubate at

37 °C for 60 min in a shaking incubator at 220 rpm.

. After 1 h, plate 100 pL of transformed cells onto antibiotic

plates and incubate for ~16 h at 37 °C.

. Aliquot 5 mL of LB media into a culture tube, adding the

appropriate antibiotic, and inoculate the LB with one colony
from the transformation plate.

2. Incubate for 16 h at 37 °C, with shaking at 220 rpm.

. The following day, use 0.5 mL of the 5 mL culture to inoculate

50 mL of LB with antibiotic (see Note 3).

4. Shake the culture at 37 °C until the ODyg reaches 0.3-0.5.

. Induce expression of 3C protease with a final concentration

of 1 mM IPTG and incubate with shaking at 220 rpm for 5 h
at 37 °C.

. Collect the bacterial cells in 6 mL aliquots by centrifugation

(12,000 x4 for 10 min), discard the supernatant, and freeze
cells at =20 °C until required.
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3.3 Recovering 1.
HRV16 3C (Adapted
from Qiagen
QlAexpressionist 2
Protocol 14)
3
4
5
3.4 Collecting 1.

Ohio-Hela Cell Lysate

4
5
6
7
8
3.5 Setting 1.
Up Protease
Reactions

Resuspend the E. coli pellet in 600 pL of “native lysis bufter”
(see Note 4). Make sure that the cells are properly resuspended
before continuing with the lysis (se¢ Note 5).

. Add lysozyme to 1 mg/mL (60 pL in 600 pL), and gently

pipette up and down. Incubate cells on ice for 30 min.

. After 30 min, gently vortex the cells, being careful to avoid

frothing.

. Centrifuge the lysate for 10 min at 12,000-15,000x g at 4 °C

to remove cellular debris.

. Transfer the supernatant containing HRV16 3C to a fresh tube

without disturbing the cell pellet; keep the 3C on ice. The
supernatant should contain clean, active HRV16 3C.

Bring HRV14 3C 10x cleavage buffer from -20°C to room
temperature to thaw.

. Wash cell monolayer with warm PBS followed by trypsiniza-

tion with trypsin/EDTA at 37 °C.

. Once trypsinized, count cells: pipette 900 pL of complete

media into a 1.5 mL Eppendorf tube. Add 100 pL of cell sus-
pension in tryspin/EDTA to the 900 pL of complete media.
Take 20 pL of this cell suspension and dilute 1:2 with 20 pL of
0.2 % trypan blue. Gently mix. Using a hemocytometer, add
10 pL to either side and count the cells as advised by the manu-
facturer. Calculate the number of cells you have per mL to
determine the volume of RIPA butfer required (use 1 mL per
1x107 cells).

. Centrifuge the cells at 500 x g, 4 °C, for 5 min. Remove super-

natant, being careful not to dislodge the pellet. Resuspend the
cells in 1 mL cold PBS.

. Centrifuge again at 500 x g, 4 °C, for 5 min. Carefully remove

the supernatant until the pellet is dry. Discard supernatant.

. Add required volume of RIPA buffer to the pellet, being sure

to resuspend pellet well.

. Lyse the cells gently at 4 °C for 30 min, either with constant

rotation or manually by inverting the tube twice every 5 min.
While the cells are lysing, begin setting up protease reactions.

. After 30 min of lysis, centrifuge the cells at 12,000x g, 4 °C,

for 5 min. Carefully collect supernatant for use in the protease
reaction.

To prepare 50 pL protease reactions, use nuclease-free water,
HRV14 3C 10x cleavage buffer, Ohio-Hela cell lysate, and the
HRV16 3C protease. Add nuclease-free water to one PCR
tube first. Add the Ohio-Hela lysate, and HRV14 3C cleavage
buffer next. Add the HRV16 3C last. Continue for all reac-
tions. See Table 1 for reaction volumes.
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Table 1

Protease assay reaction volumes

HRV14 cleavage Nuclease-free
Reaction OHela lysate (jL) buffer (L) HRV16 3C (L) water (L)
Lysate only (0 h)? 20 5 0 25
Lysate only (16 h)® 20 5 0 25
10 pL 3C 20 5 10 15
15 pL 3C 20 5 15 10
25 pL 3C 20 5 25 0

*0- and 16-h controls show changes in lysate, such as endogenous degradation of proteins within the given time frame.

Neither control contains any 3C

2. As well as HRV16 3C reactions, controls for lysate-only

changes are required. Stop the 0-h control as soon as all
reagents are mixed together by adding 10 pL of 5x Laemelli
buffer to the sample and storing at -20 °C immediately.

. Incubate the remaining reactions at 30 °C for 16 h. Stop the

reactions by adding 5x Laemelli buffer and heating the samples
at 90 °C for 5 min. Freeze at -20 °C until ready to analyze.

. Proteins can be loaded on an acrylamide gel and transferred

tor Western blotting for visualization and staining. Figure 1
demonstrates typical results observed using this protocol.
The anti-His blot shows increasing amounts of 3C protease
corresponding to the reactions in Table 1, the anti-PABP
(poly-A-binding protein) blot shows a decrease in PABP indi-
cating 3C protease activity [9] while the tubulin blot shows
equal loading in all lanes.

4 Notes

. We use an expression plasmid with a recombinant His tag, to

easily identify the 3C protease.

. Sodium deoxycholate must be protected from light and we

have found that it dissolves better at 5 % than 10 %.

. The culture volumes can be scaled up to produce larger vol-

umes of 3C protease as required.

. The volume of lysis buffer can be adjusted depending on the

volume of induced culture used to produce a pellet. We use
100 pL per mL of bacterial culture.

. Addition of the lysis buffer can make the pellet very sticky and

difficult to resuspend. If this is the case, a small volume of
water (~50-100 pL) can be added to help loosen the pellet,
before addition of the lysis buffer.
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ul of 3C protease per reaction

/_H
Lysate only 10 15 20

Anti-His

Anti-PABP

Anti-tubulin

Fig. 1 Typical Western blot results for the protease assay. Ohio-HeLa cell lysate
was collected in RIPA buffer without inhibitors. Identical volumes of cell lysate
were incubated for 16 h with different volumes of HRV16 3C protease, as indi-
cated. Lysates were subjected to SDS-PAGE on 12.5 % gels and Western analy-
sis using the indicated primary antibodies/horseradish peroxidase-conjugated
secondary antibodies and enhanced chemiluminescence
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Chapter 12

Reverse Genetics System for Studying Human
Rhinovirus Infections

Wai-Ming Lee, Wensheng Wang, Yury A. Bochkov, and Iris Lee

Abstract

Human rhinovirus (HRV) contains a 7.2 kb messenger-sense RNA genome which is the template for
reproducing progeny viruses after it enters the cytoplasm of a host cell. Reverse genetics refers to the
regeneration of progeny viruses from an artificial cDNA copy of the RNA genome of an RNA virus. It has
been a powerful molecular genetic tool for studying HRV and other RNA viruses because the artificial
DNA stage makes it practical to introduce specific mutations into the viral RNA genome. This chapter uses
HRV-16 as the model virus to illustrate the strategy and methods for constructing and cloning the artificial
c¢DNA copy of a full-length HRV genome, identifying the infectious cDNA clone isolates, and selecting
the most vigorous cDNA clone isolate to serve as the standard parental clone for future molecular genetic
study of the virus.

Key words RNA virus, Full-length infectious cDNA clone, In vitro transcription, Transfection

1 Introduction

HRYV is a small single-stranded RNA virus. Its naked positive-sense
RNA genome is infectious; that is, it can initiate a complete viral
reproduction cycle that produces infectious progeny viruses when
it is transfected into a permissive cell [1-3].

After its invention in the early 1970s, recombinant DNA tech-
nology/genetic engineering quickly became a powerful tool for
studying DNA viruses. Unfortunately, genetic engineering tech-
nique is not easily applied to RNA molecules. In hopes of being
able to use genetic engineering as a routine technique for studying
RNA viruses, researchers explored new ways to regenerate RNA
viruses from the cDNA copies of their genomes. In 1978,
Taniguchi and co-workers reported the regeneration of RNA bac-
teriophage Qbeta from a plasmid that carried the full-length
cDNA copy of the viral RNA genome [4]. However, regeneration

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2_12, © Springer Science+Business Media New York 2015
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of RNA virus directly from a cloned cDNA copy of its genome is
very inefficient and only works for some RNA viruses. For exam-
ple, 1 pg of plasmid DNA carrying the cDNA copy of the poliovi-
rus 1 genome produced only seven infectious units of progeny
virus and the same amount of HRV14 plasmid generated no virus
when they were transfected into HeLa cells [2, 5]. These prob-
lems were soon overcome by the use of in vitro T7 RNA tran-
scripts derived from the cloned ¢cDNA copy of a viral RNA
genome. In 1984, Paul Ahlquist and co-workers reported the
regeneration of the bromo mosaic virus by transfecting the T7
RNA transcripts of the cDNA clone of its genome into host cells
[6]. T7 RNA transcripts have been shown to be as efficient as the
viral RNA genome in regenerating progeny virus and the method
works for every positive, single-stranded RNA virus. For example,
1 pg of T7 RNA transcripts from the cDNA clones of poliovirus 1
and HRV14 produced 1.5 and 2 million infectious units of virus,
respectively [2].

Making an infectious full-length cDNA clone of the large lin-
ear single-stranded RINA genome of HRV is a complex project that
requires the use of multiple methods. Here, we use the HRV-16
laboratory strain as the model virus to illustrate the overall strategy
and methods for cloning the cDNA copy of a full-length HRV
genome (viral RNA extraction, cDNA synthesis, PCR amplifica-
tion of the HRV genome, cloning of the PCR fragments, assembly
of the PCR fragments into a full-length cDNA clone), identifying
the infectious cDNA clones (making in vitro RNA transcripts,
transfecting the RNA transcripts into Hela cells, and testing viral
infectivity), and selecting one of the infectious clones to serve as
the standard parental clone for future molecular genetic work
(determining the growth kinetics of their progeny viruses and the
infectivity of their RNA transcripts).

2 Materials

2.1 CGonstruction
of the Full-Length
cDNA Clone

1. Cloning vector: pMJ3 plasmid DNA (see Note 1).
2. Equipment:

(a) Incubator shaker.

(b) 37 °C incubator for bacterial plates.
(c) Eppendorf thermomixer.

(d) PCR machine.

3. PCR primers: They are typically ordered from Eurofins-MWG-
Operon or Sigma-Proligo. The basic “desalt” grade is suffi-
cient for PCR.
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4. Restriction enzymes: They are typically ordered from New
England Biolab (NEB), and come with 10x reaction buffer
and BSA.

5. Sterile disposables for molecular cloning.

(a) 1.5-ml DNA LoBind (LB) eppi tube (Eppendorf
022431021).

(b) 0.5-ml DNA LoBind (LB) eppi tube (Eppendorf
022431005).

¢) 20-200-pl barrier pipette tips.
d) 100-1,000-pl barrier pipette tips.
e) 0.2-ml thin-wall polypropylene eight-tube strips for PCR.

N

(
(
(
(f) Domed eight-cap strips for 0.2-ml PCR tubes.
(g) 50-ml Falcon blue-cap tubes.

(h) 14-ml polypropylene tubes.

(i) 5-ml polystyrene tubes.

6. Reagents for viral RNA extraction:

(a) Phenol—UltraPure.

(b) Chloroform.

(c) 2-Propanol.

(d) Ethanol—Absolute.

(e) Glycoblue, 15 pg/ul (Invitrogen AM9515).
(f) DNase/RNase-free distilled water.

(g) Distilled water.

7. 5x Nucleic acid (NA) extraction buffer:
To 220 ml distilled water, add the following ingredients:

(a) 125 ml2 M Tris, pH 7.5.
(b) 150 ml 5 M NaCl.
(c) 5ml 0.5 M EDTA.

8. Buffered phenol:
To prepare buffered phenol, follow the steps below.

(a) Add 300 ml distilled water into 500 g phenol crystals in a
brown bottle.

(b) Incubate the bottle in a 65 °C water bath until all phenol
crystals become liquid.

(c) Aliquot 30 ml liquid phenol (lower layer) and 5 ml water
into a 50-ml blue-cap tube.

(d) Store the phenol at 4 °C (water-saturated phenol is stable
at 4 °C for years).
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10.

11.

12.

13.

(e) To butffer phenol from acidic to neutral pH:
¢ Remove the upper water layer from one phenol tube.
e Add 15 ml 2x NA extraction buffer and mix well.

e Centrifuge (2,000 x4, 10 min) to separate the phenol
and aqueous phases.

e Remove the upper aqueous phase.

. Phenol /chloroform:

To 20 ml buftered phenol, add 20 ml chloroform, mix well,
spin at 2,000 x g for 10 min, and then remove the upper aque-
ous phase.

Reagents for cDNA synthesis and PCR (particulars of specific
reagents we use are given; other suppliers may be used but
protocol may require optimization):

(a) AMV-RTase, 10 U/pl and 5x reaction buffer (Promega
MS510F).

b)

¢) RNasin, 40 U/pl (Promega N2615).

d) 10 mM dNTP (Promega U151B).

¢) Platinum PCR SuperMix HF (Invitrogen 12532-016).
Cloning reagents:

(a) CID, calfintestinal alkaline phosphatase (NEB M0290L).
(b) T4 kinase with reaction buffer (NEB ML0O201L).

(c) PCR-terminator enzyme kit with reaction buffer (Lucigen
40037-2).

(d) T4 DNA ligase with reaction buffer (NEB M0202L).
(e¢) 10 mM ATP (Invitrogen 18330-019).

Reagents for DNA fragment isolation and analysis:

(a) 10x TBE.

(b) Random hexa-primers (Promega C1181).
(
(
(

(b) Low-melting-point (LMP) agarose.

(c) Agarose.

(d) 10x BlueJuice (or other similar) gel loading buffer
(Invitrogen 10816-015).

(e) 1 kb DNA ladder.

(f) Geneclean kit (MP Biomedicals 111001400).

TE bufter:
To 494 ml distilled water, add the following ingredients, and
then filter-sterilize:

(a) 5 ml1 M Tris—HCI buffer, pH 8.0.
(b) 1 ml 0.5 M EDTA.
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14.
15.

16.

17.

18.

Ammonium acetate solution, 7.5 M.
Ampicillin stock (100 mg/ml, 1,000x) solution (sec Note 2):
Dissolve 1 g ampicillin sodium salt in 10 ml sterilized water.

2x YT bacterial liquid medium for suspension culture:
In 1,000 ml distilled water, dissolve the following ingredients,
autoclave, cool to 70 °C, and then add 1 ml ampicillin stock:

(a) 10 g Bacto yeast extract.

(b) 16 g Bacto tryptone.

(c) 5 g NaCl

2x YT bacterial solid medium for plating;:

In 1,000 ml distilled water, dissolve the following ingredients,

autoclave, cool to 70 °C, add 1 ml ampicillin stock, and then
aliquot 25 ml into each petri dish (Falcon #1001).

(a) 10 g Bacto yeast extract.

(b) 16 g Bacto tryptone.

(c) 5 g NaCl

(d) 20 g Bacto agar.

Other supplies for the cloning work:

(a) E. coli DH5 alpha competent cells (see Note 3).
(b) SOC medium.

(c) Colony Fast-Screen (Restriction Screen) kit (Epicentre
#ES0472H).

(d) Qiaprep Spin Miniprep kit (Qiagen #27106).

. H1-HelLa cells (see Chapter 5).
. MRC-5 cells (see Chapter 7).

. Incubator shaker.

. CO, incubator.

. High-speed centrifuge (e.g., Sorvall RC6).

-80 °C freezer.

. Sterile disposables for cell culture works:

a) 60-mm dishes.

b) 48-well plate.

¢) 5-ml sterile pipettes.
d) 10-ml sterile pipettes.
¢) Cell lifter.

(
(
(
(
(
(f) 1,000-ml 0.20 pm filter unit.
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2.3 Identification

of the Most Vigorous
Infectious cDNA Clone
Isolate for Future
Molecular

Genetic Work

8.

10.

11.

12.

13.

14.

2.

Medium A-NCS
To 500 ml MEM (Invitrogen 11090081), add the following
ingredients:

(a) 5 ml nonessential amino acids (Invitrogen 1114050).
(b) 5 ml L-glutamine (Invitrogen 2503081).

(c) 5 ml penicillin, streptomycin (Invitrogen 15140163).
(d) 50 ml newborn calf serum (Invitrogen 16010-159).

. Medium A-FBS:

To 500 ml MEM (Invitrogen 11090081), add the following
ingredients:

(a) 5 ml nonessential amino acids (Invitrogen 1114050).
(b) 5 ml L-glutamine (Invitrogen 2503081).

(c) 5 ml penicillin, streptomycin (Invitrogen 15140163).
(d) 50 ml fetal bovine serum (Invitrogen 10437-028).
Reagents for in vitro transcription:

(a) T7 RNA polymerase, 50 U/pl, comes with 5x reaction
buffer and 0.1 M DTT.

(b) RNasin, 40 U/pl.

(c) 10 mM dNTP.

Reagents for transfection:

(a) Lipofectamine 2000 transfection reagent.

(b) OptiMEM reduced-serum medium.

PBSI: PBS with calcium and magnesium.

PBSA1 (0.1 % BSA):

To 500 ml PBSI, add 6.7 ml 7.5 % bovine albumin fraction V.
1 M HEPES buffer, pH 7.2-7.5.

. HBS (1x):

To make 1 1 HBS, dissolve the following ingredients in 900 ml
distilled water. Then adjust pH to 7.2 with 1 N NaOH, bring
the final volume to 1,000 ml with distilled water, and sterilize
the buffer with a 0.20 pm filter unit.

(a) 5 g HEPES.

(b) 8 g Sodium chloride.

(c) 0.37 g Potassium chloride.

(d) 0.1 g Sodium phosphate dibasic, Na,HPO,.

(e) 1 g Dextrose.

(f) 0.15 g Calcium chloride dihydrate, CaCl,-2H,0.
DEAE-dextran.
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3 Methods

3.1 Construction
of the Full-Length
cDNA Clone

3.1.1 Determination

of the Complete Sequence
of Your Target HRV
Serotype/Strain for PCR
Primer Design

3.1.2 The Plan

of the Construction

of Full-Length cDNA Clone
of HRV-16

The genome sequences of the prototypes and lab strains of all 100
HRV-A and -B serotypes and 17 HRV-C types have been pub-
lished [2, 8-19]. These sequences are available at GenBank. For
example, the GenBank accession number of the genome sequence
of HRV-16 lab strain is L24917. If your target HRV has not yet
been sequenced, you should be able to determine the sequence
promptly using a randomly primed PCR method and high-
throughput sequencing [20].

Once the complete genome sequence is known, PCR primers
can be made to amplify the viral cDNA for cloning. The PCR frag-
ments can be cloned and then cut and pasted together to form the
full-length clone with standard protocol and commercially avail-
able reagents.

1. Overall strategy:
The cDNA of the HRV-16 genome is cloned as three overlap-
ping fragments (A [5'], B [middle], and C [3'] as described
below). The three fragments are then assembled into the full-
length clone (Fig. 1).

The efficiency of PCR amplification of the 5" and 3’ ends
of the viral genome is limited by the sequence of the primers
that locate at the genome’s termini. These two primers need to
match the exact 5" and 3’ terminal sequences, which may make
suboptimal PCR primers. Therefore, smaller amplicons (about
1.5 Kbps) are designed for the 5 (A) and 3’ (C) end frag-
ments. Fortunately, better PCR primers can be made for more
efficient amplification of the middle fragment because the loca-
tions of these primers are flexible. Therefore, a longer ampli-
con (about 5 kbps) is designed for the middle (B) fragment.
(a) Fragment A (1,498 bp): Base 1-1,487, including the

Ndel unique site for full-length cDNA assembly.

(b) Fragment B (4,582 bp): Base 1,407-5,977, including the

Ndel and BlplI sites (se¢e Note 4) for full-length cDNA

assembly.

(c) Fragment C (1,281 bp): Base 5,888-7,117 and poly Ay
tail, including the BlplI sites for full-length cDNA assembly.

2. PCR primer design:

(a) Fragment A primers (F1 and R1):
Primer F1 (TTAAAACTGGATCTGGGTTGT) is com-
posed of the first 21 bases of the HRV-16 genome.
Primer R1 (ATATAGAGCTCAAACTCCAATTGTT
ATGTCTAAC) includes the reverse complement sequence
of base# 1,465-1,487, an artificial Sacl site (GAGCTC)
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HRV-16 genome
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Ndel
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F1 15Kb R1
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» = PCR primer

PCR primer sequences:

40
Bipl
C
-4
F3 1.3 Kb R3
B
4.6 Kb R2

F1: TTAAAACTGGATCTGGGTTGT
R1: ATATAGAGCTCAAACTCCAATTGTTATGTCTAAC

F2: CAATAACTCAGCAACTCTTATAGTAC
R2: ATATAGAGCTCGTTGTGGATCTATATCTAGTGTTG

F3: GTAACACAGAGTGCAGTTTG
R3: ATATAGAGCTC(T), ATAAAACTAACAAACTATTC

Fig. 1 Strategy for cloning the full-length cDNA of the HRV-16 genome. The genome structure of HRV-16 is
shown on the top. The Ndel and Blpl restriction enzyme sites were used for cloning. Viral RNA was extracted
from infected cell lysate and converted into cDNA. Three pairs of PCR primers (F1/R1, F2/R2, and F3/R3) were
used to generate three overlapping PCR fragments (4, B, and (). Each PCR fragment was cloned and the plas-
mid isolates containing the correct sequences were identified by restriction analysis and sequencing. Then the
fragments A, B, and C were assembled into a full-length clone with Ndel and Blpl restriction sites

for cloning, and terminal ATATA for effective Sacl digestion
of the PCR fragment.

Fragment B primers (F2 and R2):
Primer F2 (CAATAACTCAGCAACTCTTATAGTAC) is
composed of base# 1,407-1,432.

Primer R2 (ATATAGAGCTCGTTGTGGATCTATA
TCTAGTGTTG) includes the reverse complement
sequence of base# 5,954-5,977, an artificial Sacl site
(GAGCTC) for cloning, and terminal ATATA for effec-
tive Sacl digestion of the PCR fragment.

Fragment C primers:
Primer F3 (GTAACACAGAGTGCAGTTTG) is com-
posed of base# 5,888-5,907.

Primer R3 (ATATAGAGCTCTTTTTTTTTTTTTT
ITTTTTTTTTTTTTITTTTTTTTTTTTTATAAAACTA
ACAAACTATTC) includes the reverse complement
sequence of the last 20 bases of HRV-16 genome and a
poly A tail of 40 bases. It also carries an artificial Sacl site
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(GAGCTCQ) for cloning and subsequent linearization of
the full-length ¢cDNA for in vitro transcription, and ter-
minal ATATA for effective Sacl digestion of the PCR
fragment.

3. PCR amplification and cloning of DNA fragments A, B, and C:
The three DNA fragments are amplified using the same PCR
conditions, but with different elongation times (2 min for A,
5 min for B, and 1.5 min for C) according to their sizes.

The PCR products of all three fragments are kinase-treated,
digested with Sacl, and then ligated with Stul-Sacl double-
digested and CIP-treated pMJ3 DNA. The ligation mixture is
transformed into competent E. coli. Colonies are screened for
the presence of the correct insert by restriction analysis and also
by sequencing in the case of fragment A. Four good colonies
for each fragment are isolated. Four independent plasmid iso-
lates are needed for each fragment because some of the cDNA
fragments may have lethal or disabling mutations that are
created by the error-prone viral RNA polymerase and PCR
DNA polymerase, and the cloning process.

The clones for each PCR fragment:

(a) Clone A (4,673 bp) contains fragment A with the com-
plete 5 HRV-16 sequence fused correctly with the T7
promoter.

(b) Clone B (7,757 bp) contains fragment B.

(c) Clone C (4,456 bp) contains fragment C with a poly A tail
ot 40 bases.

4. Assembly of the three fragments into a full-length clone:

For each clone, equal amounts of plasmid DNA of the four
good isolates are pooled. For clone A, DNA is digested with
Ndel and Sacl and followed by CIP treatment; for clone B,
DNA is digested with NdeI and BlpI; and for clone C, DNA is
digested with BlpI and Sacl.

The desired restriction (R) fragments are purified using
the LMP agarose gel method. They are:

(a) R fragment A: 4,615 bp containing pM]J3 vector and viral
bases 1-1,436.

(b) R fragment B: 4,511 bp containing viral bases
1,435-5,948.

(¢) R fragment C: 1,217 bp containing viral bases 5,946-
7,117, poly Ay and the Sacl site.

To assemble the full-length clone, the three R fragments are
ligated at a molecular ratio of 1:1:1 and the ligation mixture is
transformed into competent E. coli. Colonies are screened for the
presence of full-length insert by restriction analysis. Twenty inde-
pendent good colonies should be isolated for the first round of
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3.1.3  Extraction
of Viral RNA

3.1.4 cDNA Synthesis

infectivity screening. Five infectious clone isolates will be selected
for further characterization. The infectivity of their in vitro tran-
scripts and growth kinetics of their progeny virus are determined
for selecting the most vigorous cDNA clone isolate to become the
standard parental clone for future molecular genetic work.

1.

Add the following material into a 1.5-ml LB eppi tube:
(a) 320 pl of infected cell lysate of HRV-16 lab strain.
(b) 80 pl 5x NA extraction buffer.

(c) 2 pl glycoblue (15 pg/ul) (see Note 5).

(d) 300 pl buffered phenol.

2. Vortex vigorously in an Eppendorf thermomixer for 2—3 min.

. Microfuge for 5 min at room temperature (RT).

. Transfer the upper aqueous layer into a 1.5-ml LB eppi tube

containing 200 pl phenol/chloroform.

. Repeat steps 2 and 3.

6. Transfer the upper aqueous layer into a 1.5-ml LB eppi tube

containing 350 pl isopropanol.

. Mix well and then incubate at RT for >1 h for RNA to

precipitate.

. Microfuge (10 min, RT) to pellet the RNA precipitant

(see Note 6).

. Remove supernatant and add 0.6 ml 75 % ethanol.
10.
11.
12.
13.

Vortex vigorously for 15 s and then microfuge for 2 min at RT.
Remove all supernatant.

Repeat steps 9-11 and then air-dry the RNA pellet.

Dissolve each RNA pellet in 40 pl DNase /RNase-free water.

. Add the following material to a 0.2-ml PCR tube:

(a) 12.25 pl DNase/RNase-free distilled water.
(b) 10 pl 5x AMV-RTase buffer.

(¢) 5pul 10 mM dNTPD.

(d) 1.25 pl random primers.

(e) 0.75 pl RNasin.

(f) 20 pl RNA.

(g) 0.75 pl AMV-RTase.

. Run the following reverse transcription program in a PCR

machine:
(a) 25 °C for 5 min.
(b) 42 °C for 10 min.
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3.1.6 Preparation of PCR
DNA Fragments for Cloning

Remove Proteins
and Nucleotides from the
PCR Fragment
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(c) 50 °C for 20 min.
(d) 85 °C for 5 min.

. Transfer the reaction mixture to a 0.5-ml LB eppi tube and

store at —20 °C.

. Add the following material into a 0.2-ml PCR tube:

(a) 90 pl Platinum PCR SuperMix HF.
(b) 2 pl 25 pM Forward primer.

(c) 2 pl 25 pM Reverse primer.

(d) 10 pl cDNA.

. Run the following PCR program:

(a) 94 °C for 2 min.

(b) 94 °C for 20 s.

(c) 52°C for 30s.

(d) 68 °C for 4 min (1 min for 1 kb fragment).
(e) Repeat steps (b) to (d) 27 times.

(f) 68 °C for 10 min.

(g) 4 °C forever.

. Transfer the reaction mixture to 0.5-ml LB eppi tube and store

at -20 °C.

. Add the following reagents to each PCR product (~100 pl) in

a 1.5-ml LB eppi tube:

(a) 110 pl TE.

(b) 130 pl 6 M ammonium acetate.
(c) 2 pl Glycoblue (15 pg/pl).

(d) 100 pl phenol/chloroform.

. Vortex for 10 s and then microfuge at RT for 3 min.
. Transfer the upper aqueous phase into a 1.5-ml LB eppi tube

containing 900 pl 100 % EtOH.

. Mix well and then incubate at RT for >1 h.

. Microfuge (10 min, RT) to pellet DNA.

. Remove supernatant and add 0.6 ml 75 % ethanol.

. Vortex vigorously for 10 s and then microfuge for 2 min at RT.
. Remove all supernatant.

. Repeat steps 6-8 and then air-dry the RNA pellet.

10.

Dissolve the DNA pellet in 20 pl DNase /RNase-free water.
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Kinase Treatment

and End-Repair the PCR
DNA Fragments

(See Note 7)

3.1.7 Restriction
Digestion and Gel
Purification of the PCR
DNA Fragments

3.1.8 Ligation of the PCR
DNA Fragments with Stul-
Sacl-Digested and CIP-
Treated pMJ3 DNA

1.

Add the following material to 20 pl of PCR DNA fragment:
(a) 6 pl 5x PCR-terminator buffer.

(b) 3 pl dd-water.

(c) 1 pl PCR-terminator enzyme (Lucigen 40037-2).

. Mix gently and incubate the mixture at RT (25 °C) for 15 min

(see Note 8).

. Add the following material to each reaction mixture:

(a) 180 pl TE.

(b) 130 pl 6 M ammonium acetate.
(c) 1 pl Glycoblue (15 pg/pl).

(d) 100 pl phenol/chloroform.

. Perform extraction, ethanol precipitation, microcentrifuga-

tion, washing, and air-drying as described in steps 2-9 of
Subheading Remove Proteins and Nucleotides from the PCR
Fragment above.

. Dissolve the DNA pellet in 20 pl DNase /RNase-free water.

. Complete digestion of each PCR DNA fragment with Sacl

restriction enzyme.

. Prepare a 1 % LMP agarose gel in 1x TBE buffer in a

UV-transmissible gel box (see Note 9).

. Add 10 pl 10x loading dye to 100 pl PCR product and then

load the mixture into a well of the gel (see Note 10).

. Run and then stain the gel with EtBr in the UV-transmissible

gel box (see Note 11).

. Visualize the DNA bands with a long-wave UV lamp

(see Note 12).

. Excise the agarose fragment containing the desired band with

a razor blade and spatula into a 1.5-ml LB eppi tube.

. Purity the PCR DNA fragment from agarose with Geneclean

kit according to the manufacturer’s instruction.

. Elute the DNA fragment with 20 pl DNase /RNase-free water.

. Prepare the following ligation mixture for each PCR DNA

fragment:

(a) 14.4 pl water.

(b) 3 pl 10x ligase bufter.

(c) 10 pl purified PCR fragment.
(

d) 0.1 pllinearized /CIP-treated pM]J3 vector DNA (~50 ng)
(see Note 13).

(e) 2.5 pl T4 DNA ligase.

. Mix gently and incubate at 16 °C in a PCR machine overnight.



3.1.9 Transformation
of the Ligation Mixture into
Competent E. coli

3.1.10 Screen
for the Clones Containing
the Correct HRV Inserts

3.1.11 Preparation

of Plasmid DNA

for the Assembly

of Full-Length cDNA Clone
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1.

Thaw a tube of competent E. coli in ice water.

2. Chill four labeled 5-ml Falcon tubes in ice water for 2 min.

O 0 NN O U

10.

11.

. Add 40 pl competent E. coli gently to the bottom of each

chilled Falcon tube.

. Add 5 pl ligation mixture (se¢ Note 14) to the competent cells

and swirl the pipette tip gently to mix.

. Incubate the Falcon tubes in ice water for 30 min.

. Heat shock the transformation mixtures at 41 °C for 50 s.
. Incubate the transformation tubes in ice water for 2 min.
. Add 0.4 ml 37 °C SOC to each transformation tube.

. Incubate the transformation tubes in a 37 °C shaker (100 rpm)

for 1 h.

Plate the transformation mixture on a 2x YT agar plate con-
taining 100 pg/ml ampicillin.

Incubate plates in a 37 °C bacterial incubator overnight.

. Pick 6-12 colonies for each PCR fragment.

. Inoculate each colony into 0.5 ml 2x YT /ampicillin medium

in a well of a 48-well plate.

. Incubate plates in a 37 °C shaker (100 rpm) overnight.
. Transfer 200 pl culture from each well into a 1.5-ml LB eppi

tube.

. Microfuge the tubes at low speed to pellet the bacteria and

then remove the supernatant.

. Perform Fast Restriction Screen (Epicentre) of the plasmids

according to the instructions.

. For each PCR fragment, identity six colonies containing the

correct insert by restriction analysis.

. Grow a 6 ml culture of each clone in a 14-ml tube.

. Purify plasmid DNA with a Qiagen spin column according to

the instructions.

. Verify the presence of cloning restriction sites in each isolate by

restriction analysis:

(a) Clone A: Ndel and Sacl.
(b) Clone B: Ndel and Blpl.
(c) Clone C: BlpI and Sacl.

. Identify four good isolates for each clone by restriction pattern

analysis and additional analysis for Clones A and C as described
below.

(a) Clone A: correct fusion of the T7 promoter and 5’ end of
HRV-16 ¢cDNA by sequencing the junction.
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3.1.12  Construction 1.

of Full-Length cDNA Clone

(b) Clone C: poly A tail of 40 bases by restriction analysis
(see Note 15).

. For each clone, equal amounts of plasmid DNA of the four

good isolates are pooled.

. Double restriction digestion of plasmid DNA in NEB bufter 4:

(a) Clone A: Ndel and Sacl.
(b) Clone B: Ndel and BlplI.
(c) Clone C: BlpI and SaclI.

. Treat digested DNA of Clone A with 50 U CIP at 37 °C

overnight.

. Purify the desired restriction (R) fragments using the LMP

agarose gel method:

(a) R fragment A: 4,615 bp containing pM]J3 vector and viral
bases 1-1,436.

(b) R fragment B: 4,511 Dbp containing viral bases
1,435-5,948.

(¢) R fragment C: 1,217 bp containing viral bases 5,946—
7,117, polyAy.

Ligate the three R fragments (at a molecular ratio of 1:1:1) as
described in Subheading 3.1.7 above.

. Transform the ligation mixture into competent E. coli as

described in Subheading 3.1.8 above.

. Screen the colonies for the presence of the full-length insert by

restriction analysis.

. Select 20 independent full-length isolates for infectivity screening

(see Note 16).

. Grow a 12 ml culture of each isolate (in two 14-ml tubes).

6. Isolate plasmid DNA with a Qiagen miniprep spin column

according to the instructions and elute DNA with 200 pl water.

. To each DNA sample, add 200 pl of 2x NA extraction buffer

and 300 pl of phenol /chloroform.

. Perform extraction, ethanol precipitation, microcentrifuga-

tion, washing, and air-drying as described in steps 2-9 of
Subheading Remove Proteins and Nucleotides from the PCR
Fragment above.

. Dissolve plasmid DNA of each isolate in 50 pl DNase /RNase-

free water and then measure the DNA concentration by spec-
trophotometer at ODj40 -

3.2 Identification Some of the full-length cDNA clones may be noninfectious because

of Infectious Full- they have lethal mutations that were created by the error-prone

Length cDNA Clones viral RNA polymerase and PCR DNA polymerase, and the cloning
process.
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3.2.1  Generation 1. Completely linearize 3 pg of plasmid DNA for each full-length
of In Vitro Transcripts isolate with SacI by incubating the following digestion mixture
of Full-Length HRV-16 at 37 °C for 4 h:

cDNA

(a) 12.8 pl DNase/RNase-free water.
(b) 5 ul 10x NEB bufter.
(c) 0.2 pl 100 pg/ml BSA.
(d) 30 pl of DNA (0.1 pg/pl).
(e) 2 plSacI (20 U/pl).
2. Run 2 pl of each digest in a 0.8 % agarose gel to verify the
completion of digestion.

3. Store the digested DNA at -20 °C until in vitro transcription.
4. Prepare the following in vitro transcription mixture:

(a) 13.5 pl water.

(b) 10 pl 5x T7 /T3 butffer.

(¢) 2.5 pul 10 mM NTP.

(d) 5pl0.1 M DTT.

(e) 17 pl DNA digest (~1 pg DNA).

(f) 1 pl RNasin (40 U/pl).

(g) 1 pl'T7 RNA pol (50 U/pl, Invitrogen 18033019).

5. Incubate the mixture at 37 °C for 45 min.

6. Remove 2 pl of the transcription mixture for agarose gel analy-
sis and store the rest at —80 °C until transfection.

7. Run 2 and 4 pl RNA transcripts along with 1 pg of virion RNA
in a 0.8 % agarose/1x TBE gel to check the quality and quan-
tity of the transcripts. The above reaction condition typically
yields 0.1 pg of full-length transcript per pl (Fig. 2).

3.2.2 Transfection 1. Prepare 80-90 % confluent HeLa cell monolayers in 60-mm
of In Vitro Transcripts into dishes as described in Subheading 3.2.1 of Chapter 7.
Hi-tala Gell Monolayers 2. Prepare transfection mixtures at RT:

See Note 17)
(See Note 17) (a) Add 250 pl OptiMEM into the bottom of a 5-ml Falcon

tube.

(b) Add 10 pl Lipofectamine 2000 directly into the OptiMEM,
and then tap the tube gently to mix.

(c) Incubate the Lipofectamine /OptiMEM mixture at RT for
5 min.

(d) Add 250 pl OptiMEM into the bottom of another 5-ml
Falcon tube.

(e) Add 20 pl transcripts (typically about 2 pg) directly into
OptiMEM, and then tap the tube gently to mix.
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Lanes

"1 «—Plasmid DNA

Virion RNA—» ' _. . _1<—Full-length transcript

<—Truncated transcript

Fig. 2 T7 in vitro transcripts of HRV16 full-length ¢cDNA. T7 in vitro transcripts
were made as described in Subheading 3.2.1. Virion RNA was extracted from
purified virions as described in Subheading 3.1.3. The concentration of virion
RNA was measured with ODygg o (1 OD =40 pg/ml). The RNAs were electropho-
resed in a 0.8 % agarose/1x TBE gel and the gel was stained with EtBr. Lane 7:
1 pg virion RNA, /ane 2: 4 pl T7 transcripts, and /ane 3: 2 pl T7 transcripts

3.2.3 Preparation of Cell 1.

Lysate of the Transfected
HelLa Cells

[\

(f) UseaP1000 pipetman to transfer all 270 pl of the transcript/
OptiMEM directly into the Lipofectamine /OptiMEM, and
then tap the tube gently to mix well.

(g) Incubate the resulting transfection mixture at RT for
about 20 min.

. Prepare the HeLa cell monolayer for transfection at about

15 min after step 2f:
(a) Remove the growth medium.

(b) Wash each monolayer with 4 ml OptiMEM, and then
completely remove the media.

(¢) Add 1 ml OptiMEM to each monolayer.

. Pour the transfection mixture from the 5-ml tube onto the

monolayer.

. Swirl each dish gently 2-3 times to disperse the transfection

mixture.

. Wash the remaining transfection mixture from the Falcon tube

into the monolayer with 1 ml OptiMEM.

. Swirl each dish gently 2—-3 times again to disperse the transfec-

tion mixture.

. Incubate the dishes at 35 °C for 3 h.
. Replace transfection medium with 4 ml medium A-FBS.
10.

Continue to incubate the dishes at 35 °C for another 20 h.

Freeze the dishes at -80 °C for >10 min to lyse the cells.

. Thaw the frozen cells at RT and then add 40 pl 1 M HEPES

solution.



3.2.4 Identification
of Infectious Clones
(See Note 18)

3.3 Identification

of the Most Vigorous
Infectious cDNA Clone
Isolate for Future
Molecular Genetic
Work

3.3.1  Production

of High-Titer Stock

of the Infectious Isolates
for Growth Kinetics
Measurement
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3.

4.
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Scrape each monolayer with a cell lifter and then pipette the
cell/medium mixture into a 14-ml Falcon tube.

Freeze (-80 °C)-thaw cell/medium mixture one more time
and then vortex vigorously for 10 s.

. Remove cell debris by spinning in a high-speed centrifuge

(10,000 rpm, 4 °C) for 10 min.

. Transfer the clarified supernatant into a 5-ml Falcon tube and

then store at —80 °C until the infectivity assay.

. Prepare one 48-well plate of 90 % confluent MRC-5 cells as

described in Subheading 3.1.4 of Chapter 7.

. Remove media from each well of MRC-5 cells by aspiration.

. Add 10 pl of cell lysate into a well, two wells for each isolate.

. Incubate plates for 1 h at RT to allow virus attachment.

. Add 0.5 ml medium A-FBS.

. Incubate the plates at 35 °C.

. Check and record the appearance of cytopathic effect (CPE) in

each well: first check at 3 days after infection and then at days
5and 7.

. Pick five isolates that induce the quickest CPE appearance for

further characterization.

Some of the infectious full-length cDNA clones may produce tran-
scripts with suboptimal infectivity or progeny viruses with subopti-
mal growth rates due to a disabling mutation already existing in the
original viral genomic RNA or created during the PCR and cloning
process. To identify the best infectious cDNA clone isolate for
future molecular genetic work, five candidates are screened by mea-
suring the growth kinetics of their progeny viruses and the infec-
tivity of their in vitro transcripts in H1-HeLa cells (see Note 19).

1.

gl o W

Prepare 90 % confluent HeLa cell monolayers in 100-mm
dishes (two dishes for each isolate) by seeding 6 x 10° cells (in
8 ml medium A-NCS) per dish, and then incubating at 37 °C
for 12 h.

. Remove medium and then wash monolayer once with PBSI.

. Add 1 ml of virus stock from a transfection dish.

. Incubate at RT for 1 h to allow virus attachment.

. Add 4 ml medium A-FBS per dish and then incubate the dishes

at 35 °C.

. Check cell monolayers at 24, 36, 48, 60, and 72 h after infection.

Transfer the dish to a —-80 °C freezer when >90 % of the cells
display CPE. If no CPE appears, transfer the dish to -80 °C
at 72 h after infection.
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3.3.2 Measurement
of Viral Growth Kinetics

3.3.3 Determination
of the Infectivity of In Vitro
Transcripts

7. Thaw the dishes at RT (~10 min).

10.

11.

12.

13.

14.

. Add 50 pl 1 M HEPES bufter pH 7.2.

. Scrape cells with a cell lifter and pipette the cell lysate from two

dishes into a 14-ml Falcon tube for each isolate.

Perform two more freeze (-80 °C, 20 min)-thaw (35 °C,
10 min) cycles to further break up the cells.

Pellet cell debris in a high-speed centrifuge (10,000 rpm, 4 °C)
for 10 min.

Aliquot supernatants into 1.5-ml eppi tubes and then store in
a -80 °C freezer.

If >90 % of cells in a dish display CPE within 24 h, the cell
lysate of this dish will likely have a high enough titer (about
5x 108 PFU per ml) for growth kinetics measurement.

If it needs >24 h to develop severe CPE, pass the virus one
more time by repeating steps 1-12.

Titer the virus stock using plaque assay as described in

Subheading 3.2.2 of Chapter 7. Also pay attention to the
plaque sizes. Typically, faster growers have larger plaques.

. Set up an HRV suspension culture by infecting 1x10% HeLa

cells with 2 x 10° PFU of'virus as described in Subheading 3.2.1
of Chapter 5. Then culture the infected cells in 20 ml of
medium B-FBS at 35 °C.

. Remove 0.5 ml cells from a culture at 2, 3,4, 5, 6,7, 8, and

10 h after infection (see Note 20). The 0.5 ml sample is added
into a 1.5-ml eppi tube containing 5 ul 1 M HEPES buffer,
pH 7.2.

. Break up the infected cells by three freeze (-80 °C, 20 min)-

thaw (35 °C, 10 min) cycles.

. Pellet the cell debris in a microfuge (10,000 rpm, 4 °C) for

10 min.

. Transfer the supernatant into 1.5-ml eppi tubes and then store

at —80 °C for plaque assay.

. Titer by plaque assay. Pick the clone with the highest titer.

. Prepare 90 % confluent HeLa cell monolayers in 60-mm dishes

as described in Subheading 3.2.1 of Chapter 7.

. Prepare transfection solution D with the following recipe:

(a) 1 ml HBS.
(b) 200 pg DEAE-dextran.
(c) 2 pl RNasin (80 U).

. Prepare the transfection mixture by mixing 1, 0.1, or 0.01 ng

of transcripts into 0.2 ml transfection solution D and then
incubate the mixture at RT for 5 min.
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3.4 Complete
Sequencing

of the Chosen
Infectious cDNA Clone
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4.

Wash each monolayer once with 4 ml HBS and then completely
remove the HBS.

. Add 0.2 ml transfection mixture to each dish.

6. Incubate the dishes at RT for 1 h.

10.

. Remove the transfection mixture from each dish and then wash

the dish once with 4 ml PBS (se¢ Note 21).

. Add agar and liquid overlay as described in the plaque assay

protocol in steps 8-11 of Subheading 3.2.2 of Chapter 7.

. Incubate the dishes at 35 °C for 3 days for plaque develop-

ment as described in steps 12 and 13 of Subheading 3.2.2 of
Chapter 7.

Count plaques and calculate infectivity per pg of transcript.

The cDNA clone that is selected to be the parent for future molec-
ular genetic work should be completely sequenced to establish its
identity. More importantly, the exact sequence is needed for the
planning of future cloning and mutagenesis work.

4 Notes

1.

Vector pM]J3 was constructed by Mike Janda at UW-Madison
specifically for the construction of the infectious full-length
cDNA clones of positive-stranded RNA viruses [2]. It has a
modified T7 promoter with a unique blunt Stul site at its 3’
end (TAATACGACTCACTATAGGCCT) for the fusion of
the 5" end of the viral cDNA to the last functional base of the
T7 promoter. With this design, the T7 in vitro RNA transcripts
of the cDNA clones only have two non-viral bases (GQG) at
their 5’ end. These two Gs have minimal, if any, inhibitory
effect on the infectivity of the transcripts [2, 7]. pMJ3 has an
ampicillin-resistant gene and is available on request.

. Ampicillin is very sensitive to heat and light. If you have prob-

lems with its degradation, you can use carbenicillin (Sigma
C3416) instead. Carbenicillin is a more stable analog of ampi-
cillin. We use it at a concentration of 50 pg/ml.

. We also have had good results with E. cols JM109 competent

cells and XL1-Blue Supercompetent cells.

. A second BIpI restriction site is located in fragment A. But

BlpI digestion of fragment A is not needed for the assembly of
the full-length clone.

. Glycoblue has two functions. It helps to precipitate the RNA or

DNA as a carrier. Its blue color also helps to visualize the RNA
or DNA pellets to avoid discarding the pellets by mistake.
However, we have found that reverse transcriptase activity is
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11.

12.

13.

14.

15

16.

inhibited by high concentration of glycoblue, so use glycoblue
according to the recipe.

. The RNA precipitant will appear as a small light blue pellet.
. Invitrogen’s Platinum PCR SuperMix HF uses Taq poly-

merase. Taq polymerase does not have proofreading function
(3" exonuclease activity). Therefore, the majority of the PCR
product has a single-base A extension at the 3’ terminus of the
DNA fragment. This single-base A blocks the blunt-end liga-
tion of the PCR fragment and the vector. Lucigen’s PCR-
terminator enzyme kit has exonuclease activity that removes
these single A base and also kinase activity that adds 5’ phos-
phates to the DNA fragments for ligation. If polymerases with
the proofreading function, such as Vent or Pfu, are used for
PCR, the PCR fragments will have blunt ends. These PCR
fragments need only kinase treatment for ligation.

. Avoid over-incubation, which will cause deletion of essential

viral bases from the ends of the PCR fragments by the exonu-
clease activity of the PCR-terminator kit.

. LMP agarose gel takes longer to solidify than regular agarose gel.
10.

We use a 1 Kb DNA ladder in a control lane to estimate the
size of the PCR fragments.

The LMP agarose gel is extremely fragile. Handle it very care-
fully. Keep the gel in the dark during EtBr staining.

Make sure that only long-wave UV is used because short-wave
UV induces DNA damage, particularly in the presence of EtBr.

A control ligation without PCR DNA fragments is used to
gauge how many colonies might have an empty vector.

Some components of the transformation mixture have an
inhibitory effect on transformation of E. coli cells. Avoid using
too much ligation mixture in the transformation reaction.

. A poly A tail with a minimum of 40 As is required for optimal

infectivity of the viral RNA transcripts [2]. However, some of
the Clone C isolates may have much shorter poly A tails (<30
As) due to polymerase error during PCR. Therefore, the iso-
lates with longer poly A tails will be identified for the construc-
tion of the full-length cDNA clone.

To roughly determine the length of the poly A tail, plas-
mid DNA of Clone C is digested with restriction enzymes that
cut very close to the poly A tail regions to generate a short poly
A tail fragment (<300 bps). The digest is then analyzed with a
1.5-2 % agarose gel.

Some of the full-length isolates will produce non-infectious
transcripts because they have lethal mutations in the cDNA.
Some of the viral genomes used for RNA extraction may
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already have lethal mutations since the viral RNA polymerase
has a high error rate. The lethal mutations could also be
introduced into the cDNA during PCR and cloning.

17. H1-HelLa cells are used for the transfection of viral RNA from
HeLla-adapted HRV-A and HRV-B serotypes, and HRV-C
viruses. For HRV-A and -B clinical isolates that have not been
adapted to Hela cells, MRC-5 or WI-38 cells should be used
for transtection. The Hel a transfection procedure is applicable
to MRC-5 and WI-38 cells.

18. Genomic RNA from HRV-C replicates and produces progeny
viruses when it is transfected into Hela cells [8, 21 ]. However,
its progeny viruses cannot infect HelLa, MRC-5, or WI-38
cells which do not have the receptor for HRV-C. Therefore,
the infectivity of HRV-C progeny viruses should be tested in
differentiated airway epithelial cells in air-liquid interface cul-
ture or sinus organ culture as described previously [8, 21, 22].

19. For HRV-A and -B clinical isolates that have not been adapted
to Hela cells, their progeny viruses should be amplified and
tested for growth kinetics in MRC-5 or WI-38 cells. For
HRV-C, their progeny viruses should be amplified and tested
tfor growth kinetics in differentiated airway epithelial cells in
air-liquid interface culture or sinus organ culture [8, 21, 22].
Methods for determining the infectivity of in vitro transcripts
of HRV-A and -B clinical isolates and HRV-C are not
available.

20. Inject some CO, from a CO, tank into the flask every time
after sampling. This will help to maintain a proper pH in the
medium for viral growth.

21. DEAE-dextran inhibits the growth of HRV. The excess
DEAE-dextran needs to be thoroughly washed away after
transfection [2].
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Chapter 13

Reverse Genetic Engineering of the Human
Rhinovirus Serotype 16 Genome to Introduce
an Antibody-Detectable Tag

Erin J. Walker, Lora M. Jensen, and Reena Ghildyal

Abstract

The ability to accurately detect viral proteins during infection is essential for virology research, and the lack
of specific antibodies can make this detection difficult. Reverse genetic engineering of virus genomes to
alter the wild-type genome is a powerful technique to introduce a detectable tag onto a viral protein. Here
we outline a method to incorporate an influenza hemagglutinin epitope tag onto the 2A protease of
HRV16. The method uses site-directed mutagenesis PCR to introduce the sequence for the HA antigen
onto either the C or N termini of 2A protease while keeping the relevant internal cleavage sites intact. The
new viral product is then cloned into a wild-type HRV16 plasmid and transfected into Ohio Hela cells to
produce recombinant virus.

Key words Human rhinovirus, Reverse genetic engineering

1 Introduction

Human rhinoviruses (HRVs) are small, positive-strand RNA viruses
belonging to the Picornavirus family. They cause a significant pro-
portion of viral upper respiratory tract infections as well as the
majority of asthma exacerbations [1, 2], making HRV a virus of
medical importance. Improving our understanding of the activity
of viral components within the host cell is therefore important to
the future development of treatment options for high-risk patients.

Disruption of host cell function is mediated by 2A and 3C
proteases, which act to prevent host cell transcription and transla-
tion while still allowing the host cellular machinery to replicate viral
RNA and manufacture viral proteins [3, 4]. Despite decades of
research into the specific functions of 2A and 3C proteases, there
are a number of key aspects of HRV infection that are unknown;
for example, the lack of high-specificity antibodies to HRV 2A
protease means the cellular localization of this component during

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
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an infection course is currently unknown. Thus, the ability to study
the cellular localization and individual effects of each protease
within the context of live virus has been somewhat hampered by a
lack of detection options for the 2A and 3C proteases.

Here we used reverse genetic engineering methods to intro-
duce an influenza hemagglutinin epitope (HA) tag onto the 2A
protease of HRV16, enabling accurate detection of the 2A prote-
ase with a commercially available anti-HA antibody. This method
uses site-directed mutagenesis PCR to introduce the desired tag
onto either the C- or N-terminus of 2A protease while keeping the
required protease cleavage sites intact. The tag-modified PCR
product is then cloned into a full-length HRV16 ¢cDNA plasmid,
followed by in vitro transcription of the cDNA clone into viral
RNA. The viral RNA can then be easily transfected into host cells
to produce live virus particles. We demonstrate typical western blot
results showing detection of the HA tag and activity of the recom-
binant virus, which is comparable to results observed using the
wild-type HRV16 virus. While we provide specific details to incor-
porate an HA tag into the HRV16 genome, this protocol can be
adapted to incorporate an antibody-detectable tag of choice into
any virus of interest.

2 Materials

2.1 Site-Directed
Mutagenesis PCR, PCR
Gleanup,

and Restriction
Digests

2.2 Agarose Gel
Electrophoresis

1. ¢cDNA clone of HRV16, pR16.11 (see Chapter 12).

2. PCR primers to introduce HA tag; see Table 1 (see Note 1). As
well as site-directed mutagenesis primers, external primers are
required to amplify a large section of the HRV16 genome and
are also shown in Table 1. These primers need to be located
external to restriction enzyme digest sites to provide sites for
ligation of the mutated sequence. See Fig. 1 for details.

3. Tag DNA polymerase, MgCl,, dNTPS (25 mM each), and
PCR buffer.

4. Wizard SV gel and PCR cleanup system (or other comparable
cleanup systems).

5. Restriction enzymes BstXI and Bsul51/Clal and compatible
bufters.

6. Spectrophotometer (we use the Nanodrop).

1. Tris-acetate-EDTA (TAE) buftfer (50x): 2 M Tris base, 1 M
aceticacid, 50 mM EDTA (pH 8.0). Dilute 1:50 with nuclease-
free water to make a 1x solution.

2. Agarose for DNA separation.
3. Gel-red for DNA visualization.
4. DNA size marker.
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Table 1
List of primers used for PCR-based site-directed mutagenesis

Primer name Primer sequence (5'-3’)

N-terminal HA tag_F ctgttgggectagtgacatg TACCCATACGATGTT
CCAGATTACGCTtatgtgcatgttggtaat

N-terminal HA tag_R attaccaacatgcacataAGCGTAATCTGGAACAT
CGTATGGGTAcatgtcactaggcccaacag

C-terminal HA tag_F tagatcttagacactttcac TACCCATACGATGTT
CCAGATTACGCTtgtgctgaagaacaagga

C-terminal HA tag_R tecttgttcttcagcacaAGCGTAATCTGGAACA
TCGTATGGGTAgtgaaagtgtctaagatcta

HRV16_2A forward GCATCTGTATTTTGGCAGCA
HRV16_2A reverse TCTTTGCTTCACTGGCATACA
HRV16_2AF HRV16_Cterm HAR
VP1 | 2A 2B | 2C
HRV16_Cterm HAF I HRV16_2AR
BstXI digest site Bsu15l digest site

Fig. 1 Example of the primer design required to introduce an HA tag onto the C-terminus of HRV16 2A
protease. Firstly, locate two restriction enzyme digest sites that are external to where the new tag sequence
needs to be inserted (BstXI and Bsu15l, in VP1 and 2C, respectively). These restriction sites will be used to
clone in the new DNA fragment. Then design PCR primers that allow amplification of the region of interest,
including the restriction sites (primers HRV16_2A F and R). Finally, design primers that include the new
sequence of interest as well as ~18—20 bp of 5" and 3’ flanking sequence from the original genome (HRV16_
Cterm HAF and R)

5.1 % TAE-agarose: Dissolve 1 g of agarose in 100 mL of 1x
TAE buffer by gentle heating in a microwave. Allow molten
TAE-agarose to cool to ~50 °C. Add 5 pL of gel-red to mol-
ten agarose and pour into casting tray with comb. Allow to set

for 20 min.
2.3 Cloning . Double-digested PCR product and vector.
and Bacterial . Plasmid miniprep kit.
Transformation

. T4 DNA ligase and buffer.
. DH10B E. coli electrocompetent cells.
. Biorad Gene Pulser II Electroporation system.

. Electroporation cuvettes.

N O\ Ut W

. Autoclaved Luria Broth: 85 mM NaCl, 1 % peptone (tryp-
tone), 0.5 % yeast extract.
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2.4 InVitro
Transcription Reaction

2.5 CGell and Virus
Culture

Erin J. Walker et al.

[ 2 = NS T NS T

—

. Luria agar plates: 85 mM NaCl, 2 % bacterial agar, 1 % peptone

(tryptone), 0.5 % yeast extract with 100 pg/mL ampicillin
added.

. Plasmid DNA.

. Sacl restriction enzyme.

. T7 polymerase, T7 polymerase buffer, and DTT.
. Recombinant RNasin ribonuclease inhibitor.

. 100 mM NTP mix.

. Ohio Hela cells.

2. High-glucose Dulbecco’s modified Eagle medium (DMEM)

and Transfections with antibiotics (penicillin-streptomycin-neomycin) and both
with/without 10 % vol/vol heat-inactivated fetal bovine
serum.
3. Lipofectamine 2000.
3 Methods

3.1 Generate PCR
Product

and Restriction-
Digested Fragment
and Vector for Cloning

All reactions are set up on ice unless otherwise specified.

1.

To generate PCR fragments containing the required tag, per-
form two PCR reactions as shown in Table 2. For each PCR
reaction, ensure that the correct forward and reverse primers
are used. For example, to generate mutation fragments for the
N terminal HA tag, pair the HRV16_2A forward and
N-terminal HA tag reverse primers to create fragment 1, and
the HRV16_2A reverse and N-terminal HA tag forward prim-
ers to create fragment 2. The template for this reaction is a
full-length HRV16 clone, pR16.11 (ATCC VRMC-8) [5].

. Confirm that each fragmentis the correct size by electrophoresis

of 5 pL of PCR product on 1 % TAE agarose (100 V for ~45-
60 min). Using the primers listed above, fragments 1 and 2 for
the N-terminal HA tag should be 402 bp and 1,012 bp, respec-
tively, while fragments 1 and 2 for the C-terminal HA tag
should be 798 bp and 616 bp, respectively.

. Column purify each PCR fragment using the Wizard PCR

cleanup kit as described by the manufacturer. Quantitate the
purified PCR product by spectrophotometric analysis.

. To generate the full-length PCR product containing the HA

tag, perform the PCR reaction as shown in Table 3.

. Confirm that the final product is of the correct size by electro-

phoresis of 5 pL on 1 % TAE-agarose gel. For both the N- and
C-terminal HA tags, the full-length PCR product should be
1,387 bp.
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Table 2
PCR reaction setup for first-round site-directed mutagenesis

Reagent Volume (pL) Final concentration
5x Mango Taq bufter 10 1x
MgCI2 (50 mM) 1.4 14
dNTPs (2 mM each) 5.0 0.2 mM each
Forward primer (10 pM) 5.0 1 pM
Reverse primer (10 pM) 5.0 1 pM
Nanopure water To 50 pL -
Taq polymerase (5 U/uL) 0.5 0.01U
Plasmid DNA (25-50 ng) Variable 25-50 ng
Total 50 pL

Cycling conditions:

[94 °C 3']x1

[94 °C 20", 60 °C 20", 72 °C 30"]x 34

[72 °C 3']x1

[Hold at 4 °C]

Table 3

PCR reaction setup for second-round site-directed mutagenesis

Reagent Volume (pL) Final concentration
5x Mango Taq buftfer 10 1x
MgCl, (50 mM) 1.4 1.4
dNTPs (2 mM each) 5.0 0.2 mM each
HRV16 2A forward primer 5.0 1 pM
(10 uM)
HRV16 2A reverse primer 5.0 1 uM
(10 pM)
Nanopure water To 50 uL -
Taq polymerase (5 U/pL) 0.5 0.01 U
PCR fragment 1 Variable 25-50 ng
PCR fragment 2 Variable 25-50 ng
Total 50 pL
Cycling conditions:
[94 °C 3']x1

[94°C1/,38°C1’,72°C2']x1
[94 °C 30", 40 °C 30", 72 °C 2'] x4
[94 °C 15", 50 °C 30", 72 °C 2°]x25
[72°C 3']x1

[Hold at 4 °C]
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3.2 Ligation
Reaction and Bacterial
Transformation

6.

10.

11.

ng of vector x kb size of insert insert

Column purify the full-length PCR product using the Wizard
PCR cleanup kit as described by the manufacturer. Elute in
60 pL of elution buffer.

. Set up the first restriction digest using BstXI for both the

full-length PCR product and cloning vector (e.g., pR16.11)
(see Note 2). Retain a small amount of the cleaned full-length
PCR product and undigested vector for later electrophoresis
to confirm that complete digestion has been achieved. Incubate
the reaction at 37 °C for 4 h.

. Column purify digested PCR product and vector to enable

second digest in different buffer. Elute in 60 pL of elution
bufter.

. Set up the second restriction digest using Bsul5I for both the

PCR product and cloning vector. Retain a small amount of the
cleaned full-length PCR product for later electrophoresis to
confirm that complete digestion has been achieved. Incubate
the reaction at 37 °C for 4 h.

Confirm that complete digestion has been performed for each
restriction enzyme by electrophoresis of 5 pL of full-length,
BstXI-digested, and BstXI+Bsul5I-digested PCR product as
well as undigested vector DNA, BstXI-digested vector, and
BstXI +Bsul5I-digested vector on 1 % TAE-agarose. Digestion
of the PCR product with BstXI should yield a product of
1,244 bp and subsequent digestion with Bsul5I should yield a
product of 1,046 bp. This is the double-digested PCR product
required for ligation. Digestion of pR16.11 with BstXI should
yield a linear vector of ~9.4 kb and subsequent digestion with
Bsul5I should yield a double-digested vector of ~8.4 kb.

Once complete digestion has been confirmed, gel purify the
double-digested PCR product and double-digested vector by
electrophoresing the remaining product on separate 1 % TAE-
agarose gels, without any marker (see Note 3). Excise the dou-
ble-digested PCR product and vector DNA from the agarose
gel using a clean scalpel and process according to the Wizard
gel purification protocol. Elute in 50 pL of elution bufter.
Quantitate the amount of PCR product recovered using a
spectrophotometer.

. Prepare a 10 pL ligation reaction, using 1 pL of 10x T4 DNA

ligase reaction buffer and 1 pL of T4 DNA ligase. The amount of
vector and insert required will depend on the concentration of
each fragment recovered from the agarose gel. Use the follow-
ing formula to determine how much of each to use (see Note 4):

x molar ratio of

: = ng of insert
kb size of vector vector
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3.3 InlVitro
Transcription Reaction
to Generate Viral RNA

3.4 RNA Transfection
to Generate
Recombinant Virus

Incubate reaction overnight at 16 °C.

. The following day, add 1-2 pL of ligation reaction to 50 pL of

just-thawed DHI10B cells, flick gently but quickly to mix, and
incubate on ice for 10 min (see Note 5). Cells and tubes must
remain ice cold at all times.

. Add cell-DNA mix to precooled electroporation cuvette.

Electroporate using the following settings: voltage 2.5 kV,
capacitance 25 pF, and resistance 200 Q.

. Quickly add 1 mL of LB to the cuvette to remove the bacteria

and place in a culture tube. Incubate at 37 °C for 1 h, with
shaking (210 rpm).

. After 1 h, remove the bacteria and centrifuge at 3,300 rpm

(~1,000x g) for 3 min to pellet the cells. Remove 800 pL of
media and resuspend the pellet in the remaining 200 pL. Plate
the cell suspension on an agar plate with ampicillin and incu-
bate overnight at 37 °C.

. The following day, pick 4—6 colonies from each plate and

incubate at 37 °C for 16 h in 5 mL of LB with ampicillin
(100 pg/mL), with shaking.

. Isolate the plasmid DNA using the plasmid miniprep kit, fol-

lowing the manufacturer’s instructions.

. Confirm the DNA sequence of the clones by sequencing, using

the HRV16_2A forward and reverse primers as sequencing
primers.

. Linearize the plasmid DNA with Sacl. The restriction enzyme

digestion is performed in a 50 pL. volume and includes 4 pL of
enzyme (10 U/pL), 5 pL of reaction bufter, and 10 pg of plas-
mid. Incubate the reaction at 37 °C for 4-6 h.

. Confirm complete linearization by electrophoresis of 5 pL. of

the digest reaction on 1 % agarose, using intact plasmid DNA
as a control.

. Set up the in vitro transcription reaction as shown in Table 4.

Incubate the reaction at 37 °C for 45 min and then place on
ice to stop the reaction.

. Confirm that the majority of RNA transcripts are of full length

by electrophoresis on 0.8 % TAE agarose gel. Aliquot and store
at —80 °C until required.

. The day before transfection, seed approximately 3 x 10°> Ohio

Hela cells into 35 mm dishes so that they are ~80 % confluent
the following day.

. Prepare the lipofectamine 2000 reagent as recommended by

the manufacturer for a 6-well plate, substituting 5 pL of the
in vitro-transcribed RNA for DNA.
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Table 4
In vitro transcription reaction setup to generate viral RNA

Reagent Volume (pL) Final concentration
5x T7 buffer 50 1x
Promega RNasin (40 U/pL) 5 0.8 U/puL
NTP (5 mM each) 25 0.5 mM
DTT (0.1 M) 25 10 mM
T7 polymerase (50 U/pL) 5 1 U/uL
Digested plasmid DNA 25 5 g
(0.2 pg/pL)
Nuclease-free water 115
Total 250

3. Add the RNA-lipofectamine mix to the cells and incubate at
37 °C for 2448 h, until significant CPE (cytopathic effect) is
observed, approximately 24—48 h. Freeze the dishes at —-80 °C
to lyse the cells and release the viral particles.

4. Thaw the dishes, collect the supernatant, vortex well, and cen-
triftuge at 4,000 rpm (~1,500 x g) for 15 min to clarify the virus
and remove cellular debris. Aliquot the virus in 250 pL aliquots
and store at -80 °C.

5. Use one aliquot to infect a sub-confluent T75 flask of Ohio
Hela cells, to generate enough live virus to perform subsequent
experiments; remove the old media, wash the cells with warm
1x PBS, replace the media, and add the virus directly to the
flask. Gently rock to disperse the virus. Incubate at 37 °C with
5 % CO, for 24—48 h, until significant CPE is observed. Freeze
the flask as described in step 3, and repeat step 4 to clarify the
virus.

6. Titrate the virus to determine the virus titre using a TCID50
assay [6].

7. An infection time course can then be performed to collect
infected whole-cell protein lysates, as previously described [7].
Figure 2 shows typical results for the recombinant C-terminal
HA-tagged 2A HRV16. The anti-HA antibody demonstrates
the presence of 2A at the correct size, appearing at 6 h p.i.; anti-
VP2 antibodies demonstrate that infection with HRV was
achieved; anti-eIF4G antibodies show that the HA-tagged 2A is
still active, as cleavage products are visible at 3, 6, and 9 h p.i.;
and anti-tubulin antibodies are included as a loading control.
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Fig. 2 Typical Western blot results for an infection time course with HRV16
C-terminal HA-tagged 2A protease. Ohio-HeLa cells were infected with HRV16
C-terminal HA tag (MOI of 1) and cells lysed using RIPA buffer containing prote-
ase and phosphatase inhibitors at the time points shown. Cell lysates were sub-
jected to SDS-PAGE on 12.5 % gels and Western analysis using the indicated
primary antibodies/horseradish peroxidase-conjugated secondary antibodies
and enhanced chemiluminescence (Perkin Elmer). The specificity of the antibod-
ies and approximate size are indicated on the /eft. Cleavage products of elFAG

are indicated on the right. pi post-infection

4 Notes

1. This sequence should extend 18-25 bp either side of the new
sequence that is to be added into the original genome. In
Table 1 the HA tag is shown in uppercase and the original

HRV16 genome sequence is in lower case.

2. We have found that efficient restriction digestion is best

achieved by using BstXI first, followed by Bsul5I (ClaI).

3. The double-digested vector DNA can be treated with calf
intestinal alkaline phosphatase (CIAP) to remove 5’ phosphate
groups prior to gel purification, if desired. This prevents re-
ligation of the linearized vector; however due to the double
digest, in practice we have found very few clones without the

intended sequence.

4. We use a molar ratio of 3:1 insert:vector, and where possible

use 100-200 ng of vector DNA.
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5. Increasing the volume of ligation reaction in the transforma-
tion does not guarantee more colonies, and tests in our lab
indicate that adding too much of the ligation reaction can
inhibit the transformation.
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Chapter 14

Mouse Models of Rhinovirus Infection
and Airways Disease

Nathan W. Bartlett, Aran Singanayagam,
and Sebastian L. Johnston

Abstract

Mouse models are invaluable tools for gaining insight into host immunity during virus infection. Until
recently, no practical mouse model for rhinovirus infection was available. Development of infection models
was complicated by the existence of distinct groups of viruses that utilize different host cell surface proteins
for binding and entry. Here, we describe mouse infection models, including virus purification and mea-
surement of host immune responses, for representative viruses from two of these groups: (1) infection of
unmodified Balb/c mice with minor group rhinovirus serotype 1B (RV-1B) and (2) infection of transgenic
Balb/c mice with major group rhinovirus serotype 16 (RV-16).

Key words Purification, Major group, Minor group, Serotype, Hela cells, In vivo infection

1 Introduction

Rhinoviruses are members of the Picornaviridae family and are the
most common cause of viral infection in man. They are involved in
the pathogenesis of numerous respiratory diseases that range in
severity from the common cold to life-threatening exacerbations of
asthma and chronic obstructive pulmonary disease (COPD).
Combined the medical, social, and financial impact of rhinovirus
infections is massive [ 1]. Despite the huge burden of disease associ-
ated with rhinovirus infections there are currently no vaccines or
anti-rhinoviral treatments available. Prior to 2008 the lack of a prac-
tical small animal model of rhinovirus infection represented a major
roadblock to investigating host immune mechanisms involved in
rhinovirus immune pathogenesis. One of the main issues confront-
ing mouse model development was virus host cell receptor usage.
The majority of rhinoviruses can be classified into two groups based
on receptor binding: major group viruses such as RV-16 that utilize
intercellular cell adhesion molecule 1 (ICAM-1) and minor group

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2_14, © Springer Science+Business Media New York 2015
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viruses such as RV-1B that bind to low-density lipoprotein receptor
(LDLR). Development of mouse models was guided by previous
in vitro studies investigating rhinovirus mouse and human cell tro-
pism. Major group rhinoviruses were unable to bind to mouse
ICAM-1 and infect murine epithelial cells. To render mouse cells
permissive for major group rhinovirus infection expression of a chi-
meric mouse ICAM-1 molecule which contained the terminal
immunoglobulin domain of human ICAM-1 was required. This
was in contrast to minor group viruses that were able to bind both
human and mouse LDLR and infect cells from both species [2].
Given the differential permissiveness of mouse cells for major and
minor group rhinoviruses we concluded that normal Balb/c mice
should become infected by minor group viruses. Achieving infec-
tion with major group viruses would require transgenic mice
expressing chimeric human-mouse ICAM-1.

Another critical issue associated with these models was virus
purification. We developed a new method for rhinovirus purifica-
tion which was rapid (could be completed within a day, compared
to previous protocols involving ultracentrifugation over several
days) and not technically complicated. We now had a protocol to
produce consistent high-titre rhinovirus (we could produce minor
group RV1B and major group RV16) that could be used in repeat
experiments to generate reproducible data [3]. These models
are now employed by several labs and have contributed to multiple
publications which have provided novel insight into immune
mechanisms during rhinovirus infection [4-8].

2 Materials

2.1 Cells

and Reagents
Required

for Rhinovirus
Growth and Titration

Prepare all reagents at room temperature in microbiological safety
cabinet. Store medium at 4 °C.

1. Rhinovirus serotype 1B (RV-1B), obtained from American
Type Tissue Culture Collection (ATCC VR-1366). Rhinovirus
serotype 16 (RV-16), obtained from ATCC (VR-283).

2. H1 Hela cells (obtained from ATCC CRL-1958).

3. Hela cell growth medium: Add 10 mLL HEPES buffer 1 M,
50 mL fetal bovine serum, and 5 mL sodium bicarbonate 7.5 %
solution to 500 mL Dulbecco’s modified Eagle medium
(DMEM).

4. Hela cell infection medium: Add 10 mL Hepes buffer 1 M,
10 mL fetal bovine serum, and 5 mL sodium bicarbonate 7.5 %
solution to 500 mLL DMEM.

. Trypsin E diluted fivefold in phosphate-buftered saline (PBS).
. Sterile cell scrapers.

. 37 °C water bath.

. Benchtop shaker.

o N O U



2.2 Reagents
and GComponents
for Rhinovirus
Purification

2.3 qPCR (Tagman)
Screening hu/
mulCAM-1 Transgenic
Mice

2.4 Intranasal
Infection

and Assessment

of Immune Responses

Mouse Models of Rhinovirus Infection and Airways Disease 183

. Polyethylene Glycol 6000.
.5 M Sodium chloride solution—weigh 146.1 g of sodium

chloride and add to 450 mL double-distilled water (ddH,O).
Dissolve with stirrer. Add ddH,O until final volume of
500 mL. Filter sterilize. Store at room temperature.

. Amicon ultracentrifugal device 100,000 NMCO (Millipore,

USA).

. Tube roller.
. Benchtop centrifuge.

. Ear biopsy from mice from Balb/c x hu/mulCAM-1 mating.
2. Genomic DNA extraction kit (Qiagen cat no. 69500).
. qPCR primers and probes (for hu/mulCAM-1 transgene and

control).

. qPCR master mix (Qiagen cat no. 20435).

. Tagman machine.

. Isoflurane.
2. Pentobarbitone.
. BAL buffer—weigh 0.14 g lidocaine and add to 40 mL

phosphate-buftered saline (PBS) with 400 pL of 0.5 M EDTA
solution.

. ACK lysis buffer—weigh 8.29 g ammonium chloride (0.15 M)

and 1.0 g potassium bicarbonate (10 mM). Add to 800 mL
ddH,O. Add 200 pL 0.5 M EDTA solution. Check pH and
ensure 7.2-7.4 (add 1 M NaOH solution or 1 M HCI dropwise
to alter pH accordingly). Top up volume to 1 L. Filter sterilize.

. Medium—add 50 mL fetal bovine serum to 500 mL. RPMI-

1640 medium with 10 mL Hepes and 5 mL 7.5 % sodium
bicarbonate solution.

. REASTAIN Quick diff kit.

. Cytospin funnels, slide holders, and centrifuge.

3 Methods

3.1 Hela Cell Culture
for Rhinovirus
Infection, Growth,
and Purification

Carry out all methodological steps at room temperature, unless
otherwise stated (see Note 1).

1. Virus stocks: Passage rhinovirus 1B or 16 in confluent Ohio HeLa

cells to produce working virus stocks via master, sub-master,
and seed stock using standard virological techniques. Collect
infected cell lysate into culture medium, divide into 3 mL ali-
quots, and store at —-80 °C. Seed stock aliquots will be used to
produce more working stock when this runs out (se¢ Note 2).
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3.2 RV Purification
and Assessment

of Infectious Titre
and Quality

2.

1.

Inoculum: This will be used to amplify sufficient quantity of virus
from working stock to enable infection of 25x175 cm? flasks
required for production of purified virus for mouse infections
(Subheading 3.1, step 4). Grow Hela HI1 cells in Hela cell
growth medium at 37 °C with 5 % CO, in 2x175 cm? flasks.
When 90 % confluent, wash cells with 10 mL Hela cell infection
medium and add 25 mL diluted virus working stock (3 mL virus
aliquot diluted with 22 mL infection medium to give 25 mL
inoculum per flask). Rock flasks at room temperature for 1 h and
then incubate at 37 °C with 5 % CO, until 100 % cytopathic
effect (CPE) observed by light microscopy (approximately 24 h).

. Harvest cells by dislodging (bang flask with hand) into culture

medium and transfer infected cell-media suspension (approximately
50 mL for two flasks combined) to 50 mL Falcon tube. Lyse cells
and release virus by freeze /thawing twice (freeze in —80 °C freezer
or on dry ice and then thaw quickly in 37 °C water bath).

. Centrifuge thawed lysate in 50 mL Falcon tube at 2,000 x 4 for

15 min to pellet cell debris. Collect and filter clarified virus-
containing supernatant through 0.2 pm syringe filter and add
to Hela cell infection medium to produce volume (500 mL) of
inoculum required to infect 25 x 175 cm? flasks (20 mL inocu-
lum per flask).

. Purified virus tor mouse infection: Use H1 Hela cells (ATCC

CRL-1958) in 25x175 c¢m? flasks to produce concentrated
purified virus for in vivo mouse infection. When cells are 90 %
confluent, replace the growth medium with 20 mL per flask
infection medium containing diluted virus inoculum.

. Rock flask at room temperature for 1 h and then incubate at

37 °C with 5 % CO, until CPE is observed throughout which
should be approximately 24 h (sec Note 3).

. Collect cells by banging to dislodge into culture medium, trans-

ferring to 10x50 mL Falcon tubes, and centrifuge to pellet.
During cell collection, a sterile cell scraper may be required to
dislodge cells that remain adherent. Discard culture superna-
tant, resuspend pellets (10) in 5 mL PBS each, and combine
into single 50 mL Falcon tube (50 mL total). Pellet by centrifu-
gation. Repeat washes by resuspending in 50 mL PBS and pel-
leting by centrifugation. Centrifuge at 388 x4 for 10 min after
each wash and resuspend in final volume of 36 mL PBS.

Freeze-thaw twice to lyse cells and then centrifuge to pellet cell
debris at 2,000 x 4.

. Filter clarified virus-containing supernatant through a 0.2 pm

syringe filter (see Note 4).

. To precipitate virus add 2.8 g Polyethylene Glycol (PEG) 6000

and 4 mL of 5 M NaCl, mix on a roller for 5 min to dissolve
PEG, followed by incubation on ice for 1 h with gentle mixing
by hand inversion every 20 min.
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. Recover the precipitated virus by centrifugation at 2,500 x g4

for 1 h, dissolve virus pellet in 15 mL of PBS (see Note 5), mix
on a roller for 5 min, and then centrifuge at 4,000 rpm for
15 min to remove insoluble debris.

. Filter the virus using a 0.2 pm syringe filter into an Amicon

ultracentrifugal device (Millipore, USA).

. Concentrate filtered supernatant (containing virus) to approx

0.5 mL in Amicon Ultra (100,000 NMCO) centrifugal filtration
device, centrifuging at 2,000 xg. Add 10 mL of PBS, pipette
(P1000) thoroughly to mix concentrated virus in filtration device
(but careful not to damage filter with pipette tip), and repeat
concentration (se¢ Note 6). Harvest concentrated virus and wash
out centrifugal device with additional 2 x 1 mL of PBS—combine
washes with 0.5 mL concentrated virus to give 2.5 mL total.
Aliquot into 2x250 pL and 4x 500 pL or as required and store
at -80 °C. Also prepare two small-volume aliquots for testing
virus titre in vitro and in vivo (se¢ Note 7).

. Measure virus infectious titre using Ohio Hela cells. Serially

dilute purified RV-1B stock tenfold to give dilution factors
10-'-10-% and add 50 pL of each dilution added to eight repli-
cate wells of HeLa cells in 96-well plate.

Use UV-inactivated virus as a control for the inoculum (expose

concentrated virus to 1,200 nJ /cm? ultraviolet light for 30 min).

Incubate plate at 37 °C with 5 % CO, for 4 days. Determine

highest dilution where CPE is still visible using a light microscope
by counting CPE-positive wells.

Determine tissue culture infective dose 50 % (TCIDsy)/mL

value by scoring the sum of positive wells followed by use of the
Spearman Karber formula (M=xk+d [0.5-(1/#n) (7)], wherein

xk =

dose of highest dilution, »=sum of positive responses, 4=spac-

ing between dilutions, and z=wells per dilution).

1.

Extract genomic DNA according to the manufacturer’s instruc-
tions eluting into 200 pL.

. Screen genomic DNA for pHu/MulCAM-1-specific sequence

by PCR using primers NS 25 (GGG CAG TCA CAG CTA
AAA CCT) and NS2 26 (TCC AGG GAG CAA AAC AAC
TTCT) (see Note 8).

. Use Tagman RT-PCR using standard cycle conditions.

. Purchase 6-8-weck-old female BALB/c or C57BL/6 mice.

House in individually ventilated cages in specific pathogen-free
conditions. For infection with RV-16 identify hu/mulCAM-1
heterozygous mice as described in Subheading 3.3.

. For intranasal RV dosing, lightly anesthetize mouse with

vaporized isoflurane (Merial, UK), administered via an
induction chamber. Monitor mice. As soon as respiratory
rate slows to one breath per second, remove mouse from
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chamber and administer 50 pL of purified virus via a pipette
directly to the nostrils (se¢ Note 9).

. Cull mice at time point of interest with terminal anesthesia, by

intraperitoneal injection of 200 pL pentobarbitone solution.

. Bronchoalveolar lavage (BAL): Expose trachea by dissection

and insert plastic cannula (outside diameter=1.27 mm, Becton
Dickinson, UK). Lavage with 1.5 mL of BAL buffer. Centrifuge
recovered fluid at 10,000 x4 for 1 min using benchtop centri-
fuge. Remove supernatant, snap freeze in liquid nitrogen, and
store at —80 °C for measurement of secreted proteins and cyto-
kines by ELISA. Numerous cytokines, chemokines, interfer-
ons, mucin proteins, and other soluble factors can be detected
in BAL supernatant during rhinovirus infection.

. Resuspend cell pellet in 200 pL of ACK lysis buffer to lyse red

blood cells. Leave for 10 s and neutralize by diluting with
1.0 mL of medium. Centrifuge at 10,000x4 for 1 min and
discard supernatant. To obtain BAL cell suspension resuspend
cell pellet in 1 mL of medium.

. Cytospin assay to identify BAL cell populations: Add 100 pL.

of BAL cell suspension to a cytospin funnel and spin down
onto Shandon cytoslide at 500 rpm for 5 min using the
Cytospin3 system (Shandon, USA). Air-dry slides for 4 h and
stain with REASTAIN quick-diff kit. Differentially count 300
cells per slide to determine percentage of each cell type. At day
1 post-infection the predominant inflammatory cells are
neutrophils (Fig. la). By day 7 neutrophil numbers have
decreased as lymphocytes are observed (Fig. 1b).

[l
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Fig. 1 Measurement of inflammatory cells in BAL during rhinovirus infection. Balb/c mice were infected
intranasally with 5x 10® TCIDs,. BAL was collected and inflammatory cells were identified using cytospin
assay. (a) One day post-infection the majority of cells are neutrophils (black arrow). (b) By day 7 neutrophil
numbers have reduced significantly and lymphocytes (open arrow) are observed
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. Lung tissue for RNA extraction: Harvest the right apical lobe

and store in 500 pL. RNAlater at -80 °C. Extract RNA using
RNeasy kit (Qiagen cat no. 74106) and reverse transcribe to
c¢DNA using Omniscript RT kit (Qiagen 205113). Assess
expression of genes of interest by Tagman quantitative PCR.

4 Notes

. To avoid bacterial contamination of Hela cells, ensure that the

outside surface of all reagent bottles is cleaned thoroughly
with 70 % ethanol prior to placing in microbiological safety
cabinet. Ensure that a sterile non-touch technique is used
throughout and, in particular, avoid the tips of pipettes touch-
ing the rim of flasks and containers.

. It is important to carefully store viruses and document passage

number. Hierarchical passaging will ensure that working stocks
are always derived from virus of the same passage number.

. When infecting 25 x 175 ¢m? flasks with RV1B, monitor cells

regularly to ensure that they are maximally infected (majority
are rounded up) but most are still adhered to the flask so that
there is minimal lysis. This is important because virus is puri-
fied from cell pellets. Culture media is discarded, so if cell lyses
and virus is released infectivity will be lost.

. When filtering supernatant via syringe filter, ensure that syringe

is withdrawn slightly before changing filter. This will prevent
leakage and loss of virus.

. During purification, after the virus precipitation step, the pre-

cipitate should be dissolved in 15 mL PBS. At this point the
precipitate can be difficult to get into solution. To achieve this,
first add a small volume of PBS (around 2 mL) and use a 1 mL
pipette tip to break up the precipitate by agitating. Pipette the
precipitate /PBS mix up several times until it dissolves. Add
5 mL of PBS and repeat process. When precipitate is fully solu-
bilized, make up volume to 15 mL with PBS.

. During purification, when filtering virus via Amicon ultracen-

trifugal device, ensure that after each centrifugation the remain-
ing concentrated virus volume is mixed with a 1 mL pipette, to
prevent blockage of the filter. Concentration down to 0.5 mL
volume may take considerable time and require transfer of virus
to another ultracentrifugal device, if filter gets blocked.

. Prior to undertaking large experiments, always test virus in vivo

by infecting a small number of mice with purified RV and
UV-inactivated RV. Check BAL neutrophil numbers at 24 h
post-infection to assess level of inflammatory response pro-
duced and also to ensure that no bacterial contamination is
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present in preparation (mice dosed with UV-inactivated RV1B
should have <5 % neutrophils at 24 h post-infection).

. The conventional PCR assay cannot distinguish between hetero-

zygotes and homozygous positive hu/mu ICAM-1 transgenic
mice. To control for transgene dosage only heterozygotes are
used. This is ensured by mating heterozygote males with Balb/c
females. 50 % of the oftspring are transgene heterozygous.

. Mice must be correctly anesthetized because the virus will be

immediately inhaled without any apparent response by the
mouse. If mouse is over-anesthetized then dosing may trigger
respiratory distress preventing effective delivery to the lungs.
This is usually indicated by the inoculum “bubbling” out of

the nose.

References

1.

Bartlett N, Johnston S (2008) Rhinoviruses. In:
Mahy B, Regenmortel M (eds) Encyclopedia of
virology. Elsevier, Oxford, pp 467475

. Tuthill TJ, Papadopoulos NG, Jourdan P,

Challinor LJ, Sharp NA, Plumpton C, Shah K|
Barnard S, Dash L, Burnet J et al (2003) Mouse
respiratory epithelial cells support efficient repli-
cation of human rhinovirus. J Gen Virol 84:
2829-2836

. Bartlett NW, Walton RP, Edwards MR,

Aniscenko J, Caramori G, Zhu J, Glanville N,
Choy KJ, Jourdan P, Burnet J et al (2008)
Mouse models of rhinovirus-induced disease and

exacerbation of allergic airway inflammation.
Nat Med 14:199-204

. Slater L, Bartlett NW, Haas JJ, Zhu J, Message

SD, Walton RP, Sykes A, Dahdaleh S, Clarke
DL, Belvisi MG et al (2010) Co-ordinated role
of TLR3, RIG-I and MDA5 in the innate
response to rhinovirus in bronchial epithelium.
PLoS Pathog 6:¢1001178

. Bartlett NW, Slater L, Glanville N, Haas JJ,

Caramori G, Casolari P, Clarke DL, Message

SD, Aniscenko J, Kebadze T et al (2012)
Defining critical roles for NF-kappaB p65 and
type I interferon in innate immunity to rhinovi-
rus. EMBO Mol Med 4:1244-1260

. Collison A, Hatchwell L, Verrills N, Wark PA,

de Siqueira AP, Tooze M, Carpenter H, Don
AS, Morris JC, Zimmermann N et al (2013)
The E3 ubiquitin ligase midline 1 promotes
allergen and rhinovirus-induced asthma by
inhibiting protein phosphatase 2A activity. Nat
Med 19:232-237

. Glanville N, Message SD, Walton RP, Pearson

RM, Parker HL, Laza-Stanca V, Mallia D,
Kebadze T, Contoli M, Kon OM et al (2013)
GammadeltaT cells suppress inflammation and
disease during rhinovirus-induced asthma exac-
erbations. Mucosal Immunol 6:1091-1100

. Traub S, Nikonova A, Carruthers A, Dunmore

R, Vousden KA, Gogsadze L, Hao W, Zhu Q,
Bernard K, Zhu J et al (2013) An anti-human
icam-1 antibody inhibits rhinovirus-induced
exacerbations of lung inflammation. PLoS
Pathog 9:¢1003520



A
Air-liquid interface .......ccocvvviviieiviciiiinncnns 5,50, 64, 68,70
differentiated cultures................ 5,50, 64, 65,70, 72, 169
HeLa cells.........cucuven.n... 50, 53, 56,58, 72,773,102, 116,
117, 136, 144, 150, 153, 165, 166, 169, 174, 177-179,
182, 184, 185, 187
human airway epithelium ........cccoevviininiininnnnnnn. 63-70
MRC-5.ieeeeeee e 72,73,75,76,79,
153,165,169
suspension culture.........cooeecccucueueuennne 50, 52, 55-58, 77,
102,113, 114, 116, 166
Autocorrelation analysis ...........cccvecrrinrcunenne 83-85, 90-98
C

Capillary electrophoresis 13,19, 20, 88, 101-125
Cell culture .....ceeeeeeeeeiinerieieeceene 4,12, 26, 40, 50, 56, 64,
72,73,75,77,113,114, 116, 123, 136, 153, 183-184

D
Diffusion coefficient........ccceceeveeeeeereeeeeereenns 85, 86, 88-90,
93-95,97,98

Drug/s oo
development ...
GIOUPS 1.voviieiicecessse e
Intercalating.......coceveveieieiiininic e
FEACHIVILY 1viviniiiniciciece e
SEISIEIVITY cvoveiiincricciccrcc e
virus-drug complexes

E

Electron microScopy .......cocoeeueueueueerereriecececnenenennnns 101-125

Electrophoresis .........cccoccieuiiiiiiniiccnnen 172,174,176,177

Electrophoretic mobility........cccccovviviiiiiininninnnne 5,101-125

F

Fluorescence correlation spectroscopy (FCS)......... 68, 83-99

G

Gas Phase ......ccvvviviiiviici 101-125

|
Infectivity assays
end-point dilution .......cccceeueueueerrinncnccceeneneieeene 72,77
PFU .ot 50, 51, 56, 77-78,
80,117,166
plaque assay .........cccovveiiinnnnne 4,72-74,77-80, 166, 167
TCIDS50 ..t 72,75-77,117,118,178
In vitro transcription ........oceceveveveveieenennns 154, 157,163,172,
174,177,178
P
Picornavirus.................. 1-3, 6, 26,49, 71,131,136, 137,171
Polymerase chain reaction (PCR)
nucleic acid 1S01ation......c.eeeeeieieieieieieeeieeee 17,18
quantitative RT-PCR ... ....26,36
reverse transcription (RT)-PCR........... 12,14-22, 40-43
Positive strand RNA........coooviivieieeeeececeeeeeereeeee e 11,171
STUTR et 9,40, 44
VPA/VP2 .ottt 2,40, 44
Proteases.....cecieieieieieicieeeee e 11,129-139
2A PrOtEase.....vuuveeceiieciiiicirieeieeiae 9,171-173,179
3C protease............ ...171,172
HRV16 3C protease ........couuvuviemvuenerrecucirinennns 143-148
in vitro protease activity assays.........c.cceoeeecnne 143-148
subcellular localization.........ccceeeevevererereeeneenenns 135,136
R
Receptor ... 2-7,50, 52, 83-98,
101-103, 108, 109, 111, 130, 139, 169, 181, 182
Reverse genetics........couuieiiiinininiiicccicinneans 149-169
full-length infectious cDNA clone............. 150, 153-154,
162-165
reverse genetic engineering........oovevvveveveueccnnn 171-180
Rhinovirus classification
genotypes.. 2,6,7,39-47
HRV-A2...ooiiiiieeiieeeee 86, 88,92, 93, 97,102,
103, 105-108, 112-125
HRV type ..o 39,101, 102
MAJOT ZLOUP evevivniaineneneninsenenesesnsenenenas 101, 181,182
MINOT GIOUP ..euvviuiiiiiereiceieienesennans 4,90, 101, 181,182

David A. Jans and Reena Ghildyal (eds.), Rhinoviruses: Methods and Protocols, Methods in Molecular Biology,
vol. 1221, DOI 10.1007/978-1-4939-1571-2, © Springer Science+Business Media New York 2015

189



RHiNovIRUSES: METHODS AND ProTOCOLS
190
Index

Rhinovirus classification (cont.)
molecular analysis .......cocoovvvvreeriniiiiiiniiennenns 119-120
SEIOLYPC..vvererereirererereeeiereaeees 11,12, 26,27, 33, 39, 49,
50, 52, 63, 81,102, 129, 131-133, 136, 139, 143, 144,

155, 169, 171-180, 182

SPECIES v sseeees oo 1-8, 11, 26, 39, 41, 63,
71, 84,85, 94, 182

Rhinovirus culture .........cccoveeueiiiinniiccinniececcee 49-59

high-titer Virus stock .....c.eevverereeccceuererennerrreeecenene 52

Rhinovirus detection
molecular typing
multiplex PCRu.....coooooiiiie
nested-PCR..ccooiiieieieceeeeeeeee e
VITUS tAXONOMY ..vviviererreresesenssesesesesesssesesesesessssesesens

Rhinovirus—host cell interaction

disruption of nuclear transport ........coceverueiricrrininnns 138
inhibition of cap-dependent translation ............c.cc..... 137
Rhinovirus immunology ..........ccceeeueeurernniicceeeneneneeens 2
Rhinovirus purification..........ccceceecueueuevnnnne. 49-59,182-185

Rhinovirus uncoating ..
RNA VIus c.coveveevciiinens

T
Transfection............... 102, 154, 163-167, 169, 174, 177-179
\'J

Viral 1oad......ooeeeieiieieiieecceceeceee e 26,131



	Preface
	Contents
	Contributors
	Chapter 1: Classification and Evolution of Human Rhinoviruses
	1 Historical RV Classification
	2 Current Classification
	3 Receptor and Drug Groups
	4 Rhinovirus C
	5 Physical Characteristics
	6 Genetic Relationships
	7 Recombination
	References

	Chapter 2: Nested-RT-PCR and Multiplex RT-PCR for Diagnosis of Rhinovirus Infection in Clinical Samples
	1 Introduction
	2 Materials
	2.1 Sample Preparation
	2.2 Isolation of Total RNA
	2.3 RT-PCR
	2.4 Gel Electrophoresis

	3 Methods
	3.1 Sample preparation (See Notes 4–6)
	3.2 Isolation of Total RNA
	3.3 RT-PCR
	3.3.1 First-Strand cDNA Synthesis
	3.3.2 Nested-PCR
	3.3.3 Multiplex PCR for 15 Respiratory Viruses
	3.3.4 Analysis of PCR Products


	4 Notes
	References

	Chapter 3: Molecular Identification and Quantification of Human Rhinoviruses in Respiratory Samples
	1 Introduction
	2 Materials
	2.1 Total RNA Extraction
	2.2 cDNA Synthesis
	2.3 Molecular Typing
	2.4 Pan-HRV qPCR

	3 Methods
	3.1 Total RNA Extraction
	3.2 cDNA Synthesis
	3.3 Molecular Typing
	3.3.1 Two-Step PCR Reaction
	First Step PCR
	Second Step PCR

	3.3.2 Agarose Gel Analysis and Sequencing of the PCR Product
	3.3.3 Processing of Sequences from Sequencing Facility
	3.3.4 Type Assignment by Alignment and Phylogenetic Tree Analysis of the 5′ NCR Sequences Using ClustalX Program [37]

	3.4 Pan-HRV qPCR
	3.4.1 Reaction Using TaqMan Universal PCR Master Mix
	3.4.2 Reaction Using Bio-Rad SsoFAST™ Probes Supermix


	4 Notes
	References

	Chapter 4: Molecular Genotyping of Human Rhinovirus by Using PCR and Sanger Sequencing
	1 Introduction
	2 Materials
	2.1 RT-PCR
	2.2 Agarose Gel Electrophoresis
	2.3 Purification of PCR Products by Gel Extraction
	2.4 Phylogeny Analysis

	3 Methods
	3.1 Genotyping PCR Based on VP4/VP2 Region
	3.1.1 One-Step RT-PCR
	3.1.2 Nested-PCR

	3.2 Genotyping One-Step RT-PCR Based on 5′ UTR Region
	3.3 Purification of Amplification Products by Using Gel Extraction
	3.4 Phylogenetic Analysis

	4 Notes
	References

	Chapter 5: Growth of Human Rhinovirus in H1-HeLa Cell Suspension Culture and Purification of Virions
	1 Introduction
	2 Materials
	2.1 Suspension Culture of H1-HeLa Cells
	2.2 Production of High-Titer HRV-Infected Cell Lysate
	2.3 Production of Highly Purified HRV Virions

	3 Methods
	3.1 Suspension Culture of H1-HeLa Cells
	3.1.1 Maintenance of a Suspension Cell Stock
	3.1.2 Production of Large Quantity of Cells for Virus Production
	3.1.3 Cryo-Preservation of H1-HeLa Cells

	3.2 Production of High-Titer Infected Cell Lysate
	3.2.1 To Grow HRV in Suspension H1-HeLa Cell Culture
	3.2.2 Harvesting Virus
	3.2.3 Production of Infected Cell Lysate for Future Use as Virus Stock
	3.2.4 Production of Infected Cell Lysate for Virion Purification

	3.3 Production of Highly Purified HRV Virions
	3.3.1 Partial Purification with Sucrose Cushion
	3.3.2 Further Purification of Virions with Sucrose Gradient
	3.3.3 Measurement of the Virion Concentration


	4 Notes
	References

	Chapter 6: Propagation of Rhinovirus-C Strains in Human Airway Epithelial Cells Differentiated at Air-Liquid Interface
	1 Introduction
	2 Materials
	2.1 Reagents
	2.2  Media
	2.3 Supplies

	3 Methods
	3.1 Organ Specimen Preparation
	3.2 Digestion with Pronase/ DNase
	3.3 Freezing Cells
	3.4 Thawing Cells
	3.5 Collagen Coating of Transwell Inserts
	3.6 Culture of Human Airway Epithelial Cells at Air-Liquid Interface (ALI) on Collagen-­Coated Transwell Inserts
	3.7 RV-C Inoculation of Differentiated Human Airway Epithelial Cells at Air-Liquid Interface
	3.8 RNA Extraction and qRT-PCR

	4 Notes
	References

	Chapter 7: Infectivity Assays of Human Rhinovirus-A and -B Serotypes
	1 Introduction
	2 Materials
	2.1 TCID50 Assay Using MRC-5 Cells
	2.2 Plaque Assay Using H1-HeLa Cell Monolayers

	3 Methods
	3.1 TCID50 Assay Using MRC-5 Cells
	3.1.1 Starting an MRC-5 Cell Culture in a 100-mm Dish
	3.1.2 Expanding and Passing MRC-5 Cell Culture
	3.1.3 Cryo-Preservation of MRC-5 Cells
	3.1.4 Preparation of 48-well Plates of MRC-5 Cells for TCID50 Assay
	3.1.5 Virus Dilution, Infection, and CPE Development
	3.1.6 Calculate Virus Titer with the Kärber End Point Method [27, 28]

	3.2 Plaque Assay Using H1-HeLa Cell Monolayers
	3.2.1 Make H1-HeLa Cell Monolayers in 60-mm Dishes
	3.2.2 Virus Dilution, Infection, and Plaque Development


	4 Notes
	References

	Chapter 8: Application of FCS in Studies of Rhinovirus Receptor Binding and Uncoating
	1 Introduction
	2 Materials
	2.1 Reagents
	2.2 Equipment and Consumables

	3 Methods
	3.1 Fluorescence Labeling of Virus Capsid
	3.2 Fluorescent Labeling of Viral RNA
	3.3 Fluorescent Labeling of the V33333 Concatemer
	3.4 Determination of the Diffusion Coefficient of the Separate Components
	3.5 Identification of the Optimal Ratio of Oligonucleotide to Viral RNA
	3.6 Determination of RNA Release Kinetics
	3.7 Receptor–Virus Interaction
	3.8 FCS Setup
	3.9 FCS Measurements
	3.10 Data Analysis

	4 Notes
	References

	Chapter 9: Capillary Electrophoresis, Gas-Phase Electrophoretic Mobility Molecular Analysis, and Electron Microscopy: Effective Tools for Quality Assessment and Basic Rhinovirus Research
	1 Introduction
	1.1 Nomenclature, Classification, and Biology of Rhinoviruses
	1.2 Medium-Scale Growth and Purification of Human Rhinovirus
	1.3 Analysis of Native Rhinovirus and Derived Subviral Particles by Capillary Electrophoresis with UV Detection (CE UV)
	1.4 Analysis of Rhinovirus by Gas-Phase Electrophoretic Mobility Molecular Analysis (GEMMA)
	1.5 Negative Stain Transmission Electron Microscopy (TEM) of Native Rhinovirus and Its Subviral Particles

	2 Materials and Equipment
	2.1 Production and Purification of Human Rhinovirus from HeLa Cell Suspension Culture
	2.1.1 Initiation and Maintenance of a HeLa Suspension Culture
	2.1.2 Infection of HeLa Suspension Culture and Purification of HRV-A2

	2.2 Capillary Electrophoresis
	2.3 Gas-Phase Electrophoretic Mobility Molecular Analysis
	2.4 Negative Stain Transmission Electron Microscopy

	3 Methods
	3.1 Purification of Rhinovirus (e.g., HRV-A2) from Infected Cells in Suspension Culture
	3.1.1 Preparation of Seed Virus
	3.1.2 Medium-Scale Virus Growth and Purification

	3.2 Capillary Electrophoresis with UV Detection of Native and Subviral HRV Particles
	3.3 Gas-Phase Electrophoretic Mobility Molecular Analysis of Rhinovirus
	3.3.1 Removal of Non-volatile Buffer Components for GEMMA Analysis (See Note 18)
	3.3.2 GEMMA Settings

	3.4 Negative Staining Transmission Electron Microscopy of HRV and Its Subviral Particles
	3.4.1 Negative Staining of Virus Specimens
	3.4.2 Transmission Electron Microscopy of Negative-­Stained Rhinovirus Specimens


	4 Notes
	References

	Chapter 10: Proteases of Human Rhinovirus: Role in Infection
	1 Introduction
	2 Protease Structure and Activity
	3 Proteases and the Host Cell
	3.1 Subcellular Localization of 3Cpro
	3.2 Subcellular Localization of 2Apro
	3.3 Effect on Cellular Response to HRV Infection
	3.4 Subversion of Cap-­Dependent Translation
	3.5 Switching from Translation to Replication
	3.6 Disruption of Nuclear Transport

	4 Conclusions
	References

	Chapter 11: A Protocol to Express and Isolate HRV16 3C Protease for Use in Protease Assays
	1 Introduction
	2 Materials
	2.1 Generating HRV16 3C Expression Clone and Inducing 3C Expression
	2.2 Isolating HRV16 3C
	2.3 Collecting Ohio-Hela Cell Lysate
	2.4 Setting Up Protease Reactions

	3 Methods
	3.1 Generating HRV16 3C Expression Clone
	3.2 Inducing Expression of 3C Protease
	3.3 Recovering HRV16 3C (Adapted from Qiagen QIAexpressionist Protocol 14)
	3.4 Collecting Ohio-Hela Cell Lysate
	3.5 Setting Up Protease Reactions

	4 Notes
	References

	Chapter 12: Reverse Genetics System for Studying Human Rhinovirus Infections
	1 Introduction
	2 Materials
	2.1 Construction of the Full-Length cDNA Clone
	2.2 Identification of Infectious Full-­Length cDNA Clones
	2.3 Identification of the Most Vigorous Infectious cDNA Clone Isolate for Future Molecular Genetic Work

	3 Methods
	3.1 Construction of the Full-Length cDNA Clone
	3.1.1 Determination of the Complete Sequence of Your Target HRV Serotype/Strain for PCR Primer Design
	3.1.2 The Plan of the Construction of Full-Length cDNA Clone of HRV-16
	3.1.3 Extraction of Viral RNA
	3.1.4 cDNA Synthesis
	3.1.5 PCR Amplification of PCR Fragments A, B, and C
	3.1.6 Preparation of PCR DNA Fragments for Cloning
	Remove Proteins and Nucleotides from the PCR Fragment
	Kinase Treatment and End-Repair the PCR DNA Fragments (See Note 7)

	3.1.7 Restriction Digestion and Gel Purification of the PCR DNA Fragments
	3.1.8 Ligation of the PCR DNA Fragments with StuI-SacI-Digested and CIP-Treated pMJ3 DNA
	3.1.9 Transformation of the Ligation Mixture into Competent E. coli
	3.1.10 Screen for the Clones Containing the Correct HRV Inserts
	3.1.11 Preparation of Plasmid DNA for the Assembly of Full-Length cDNA Clone
	3.1.12 Construction of Full-Length cDNA Clone

	3.2 Identification of Infectious Full-Length cDNA Clones
	3.2.1 Generation of In Vitro Transcripts of Full-Length HRV-16 cDNA
	3.2.2 Transfection of In Vitro Transcripts into H1-HeLa Cell Monolayers (See Note 17)
	3.2.3 Preparation of Cell Lysate of the Transfected HeLa Cells
	3.2.4 Identification of Infectious Clones (See Note 18)

	3.3 Identification of the Most Vigorous Infectious cDNA Clone Isolate for Future Molecular Genetic Work
	3.3.1 Production of High-Titer Stock of the Infectious Isolates for Growth Kinetics Measurement
	3.3.2 Measurement of Viral Growth Kinetics
	3.3.3 Determination of the Infectivity of In Vitro Transcripts

	3.4 Complete Sequencing of the Chosen Infectious cDNA Clone

	4 Notes
	References

	Chapter 13: Reverse Genetic Engineering of the Human Rhinovirus Serotype 16 Genome to Introduce an Antibody-Detectable Tag
	1 Introduction
	2 Materials
	2.1 Site-Directed Mutagenesis PCR, PCR Cleanup, and Restriction Digests
	2.2 Agarose Gel Electrophoresis
	2.3 Cloning and Bacterial Transformation
	2.4 In Vitro Transcription Reaction
	2.5 Cell and Virus Culture and Transfections

	3 Methods
	3.1 Generate PCR Product and Restriction-­Digested Fragment and Vector for Cloning
	3.2 Ligation Reaction and Bacterial Transformation
	3.3 In Vitro Transcription Reaction to Generate Viral RNA
	3.4 RNA Transfection to Generate Recombinant Virus

	4 Notes
	References

	Chapter 14 Mouse Models of Rhinovirus Infection
and Airways Disease
	1 Introduction
	2 Materials
	2.1 Cellsand ReagentsRequiredfor RhinovirusGrowth and Titration
	2.2 Reagentsand Componentsfor RhinovirusPurifi cation
	2.3 qPCR (Taqman)Screening hu/muICAM-1 TransgenicMice
	2.4 IntranasalInfectionand Assessmentof Immune Responses

	3 Methods
	3.1 Hela Cell Culturefor RhinovirusInfection, Growth,and Purifi cation
	3.2 RV Purifi cationand Assessmentof Infectious Titreand Quality
	3.3 PCR Screeningto Identify hu/muICAM-1Heterozygous Mice
	3.4 IntranasalInfection of Miceand Assessmentof CharacteristicImmune Responses

	4 Notes
	References

	Index



