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Background: Epidemiologic studies provide evidence of
differential virulence of rhinovirus species (RV). We recently
reported that RV-A and RV-C induced more severe illnesses
than RV-B, which suggests that the biology of RV-B might be
different from RV-A or RV-C.

Objective: To test the hypothesis that RV-B has lower replication
and induces lesser cytokine responses than RV-A or RV-C.
Methods: We cloned full-length cDNA of RV-A16, A36, B52,
B72, C2, C15, and C41 from clinical samples and grew clinical
isolates of RV-A7 and RV-B6 in cultured cells. Sinus epithelial
cells were differentiated at the air-liquid interface. We tested for
differences in viral replication in epithelial cells after infection
with purified viruses (10® RNA copies) and measured virus load
by quantitative RT-PCR. We measured lactate dehydrogenase
(LDH) concentration as a marker of cellular cytotoxicity, and
cytokine and/or chemokine secretion by multiplex ELISA.
Results: At 24 hours after infection, the virus load of RV-B
(RV-B52, RV-B72, or RV-B6) in adherent cells was lower than
that of RV-A or RV-C. The growth kinetics of infection indicated
that RV-B types replicate more slowly. Furthermore, RV-B
released less LDH than RV-A or RV-C, and induced lower levels
of cytokines and chemokines such as CXCL10, even after
correction for viral replication. RV-B replicates to lower levels
also in primary bronchial epithelial cells.

Conclusions: Our results indicate that RV-B types have lower
and slower replication, and lower cellular cytotoxicity and
cytokine and/or chemokine production compared with RV-A or
RV-C. These characteristics may contribute to reduced
severity of illnesses that has been observed with RV-B infections.
(J Allergy Clin Immunol 2014;uu8; 5uE-EEN,)
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Abbreviations used
ALI: Air-liquid interface
HSEC: Human sinus epithelial cell
LDH: Lactate dehydrogenase
PBEC: Primary bronchial epithelial cell
PI: Postinfection
qRT-PCR: Quantitative RT-PCR
RV: Rhinovirus species

Acute respiratory infections commonly precede asthma
exacerbation in both children and adults.” Community-based
studies have identified viral infections in 80% to 85% of asthma
exacerbations and found that human rhinovirus species (RV) is
involved in approximately 65% of patients in whom a causative
virus was identified.” It is well known that RV have tremendous
diversity.”'” In addition to approximately 100 classic serotypes
that belong to RV-A or RV-B, more than 60 types of RV-C were
recently discovered by molecular techniques.®” Analysis of
recent clinical data suggests differential virulence of RVs.'' ™'
For example, we prospectively collected nasal samples from a
cohort of infants and found that RV-B caused less severe illness
than RV-A or RV-C.'® All RV-B types that we detected were
less virulent than any of the RV-A or RV-C types.'® Furthermore,
most studies have suggested that RV-B is less commonly detected
during colds or acute wheezing.'”'*'""'® However, RV-B is
detected more often when samples are obtained at routine
intervals regardless of the presence of symptoms (unpublished
data),'® which provide evidence that RV-B infections are
prevalent but typically cause mild or no symptoms. Studies of
more severe illness or asthma exacerbations have generally
reported that RV-C''"'"> or RV-C and RV-A'°?" are over-
represented. Analysis of these findings suggest that the virus
biology, including replication and antiviral response, might also
differ by species.

There is relatively little information about RV-C growth
characteristics due to difficulties in culturing this species. We
reported that RV-C15 grows well in organ cultures of human sinus
epithelial cells (HSEC) obtained as a by-product of human sinus
surgeries.22 Furthermore, RV-C types have also been grown in
differentiated HSECs that were cultured at the air-liquid interface
(ALI).>*** This technique has facilitated quantitative studies of
RV-C biology. To test the hypothesis that RV-B has reduced
replication and induces a lesser inflammatory response than other
RV, we cloned 7 clinical isolates of RV and isolated 2 others in
tissue culture, and compared effects of RVs on the viral
replication, cellular cytotoxicity, and cytokine secretion by using
the HSEC ALI culture. We found RV-B types replicate more
slowly and to lower levels compared with either RV-A or RV-C
types. RV-B—infected cells released less lactate dehydrogenase
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(LDH), a marker of cellular cytotoxicity,” compared with
those infected with RV-A or RV-C. Furthermore, RV-B induced
lower levels of cytokines and chemokines, for example,
CXCL10. These characteristics likely contribute to the
clinical observation that RV-B causes less severe illnesses than
other RVs.

METHODS

Viruses

RV-C15 is a clinical isolate that we previously cloned.”” RV-A16 is a
clinical isolate that was cloned and provided by Wai-Ming Lee, PhD (Bio-
logical Mimetic Inc, Frederick, Md). Furthermore, we cloned the full-length
cDNA copies of RV-B52, RV-B72, RV-A36, and RV-C41 from clinical iso-
lates. We also obtained the full-length cDNA of RV-C2 by gene synthesis
(Genewiz Inc, South Plainfield, NJ). All isolates were obtained from nasal
secretion samples of infants who participated in a birth cohort that was per-
formed from 1998 to 2001.'® Methods for cloning and virus production by
RNA transfection are provided in the Methods section in this article’s On-
line Repository at www.jacionline.org (strategy for RV-B52 cloning [see
Fig El in this article’s Online Repository at www.jacionline.org], RV-B72
cloning [see Fig E2 in this article’s Online Repository at www.jacionline.
org], RV-A36 cloning [see Fig E3 in this article’s Online Repository at
www.jacionline.org], and RV-C41 cloning [see Fig E4 in this article’s
Online Repository at www.jacionline.org], and virus-specific primers
[see Table EIl in this article’s Online Repository at www.jacionline.org]).
RV-A7 and RV-B6 are also clinical isolates that were produced by
inoculating nasal secretions into WisL or Hela cells, as previously
described,”®?” and purified by using the same protocol used with the cloned
viruses except for RNase A treatment. The University of Wisconsin Human
Subjects Committee approved the protocol, and informed consent was
obtained from the patient’s families.

Cultures of HSECs or primary bronchial epithelial

cells grown at ALl and RV inoculation

‘We cultured HSECs or primary bronchial epithelial cells (PBEC) at ALI as
previously described.”***?*?° After complete differentiation of epithelial
cells (2 months), we infected cells with purified viruses (10> RNA copies
per well).”* See the Methods section in the Online Repository for further
details.

Quantitative RT-PCR

Total RNA was extracted from epithelial cells by using the RNeasy Mini kit
(Qiagen, Valencia, Calif). RV RNA concentrations were determined by
quantitative RT-PCR (qRT-PCR) as previously described.”*

Cellular cytotoxicity, tight junction permeability,
and apoptosis

Basal medium after virus infection was assayed for LDH release
(CytoTox 96 Non-Radioactive Cytotoxicity Assay; Promega, Madison,
Wis). Caspase 3/7 activity was assessed by using Apo-ONE Homogeneous
Caspase-3/7 Assay (Promega). Further details, including tight junction
permeability (transepithelial resistance and fluorescein isothiocyanate—
dextran transit) are provided in the Methods section in this article’s Online
Repository.

Cytokine and/or chemokine production

Basal medium was assayed for CCLS5, CXCL8, CXCL10, CXCLI11,
IFN-a2, IFN-B, IFN-A1, and IL-6 by multiplex (Milliplex; Millipore,
Temecula, Calif) or solitary ELISA. See the Methods section in the Online
Repository for further details.
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In vitro RNA transcription and transfection of WisL
cells with RV RNA

In vitro RNA transcription and transfection were performed by using pre-
viously reported methods.”> RNA transcripts were synthesized from plas-
mids by using a RiboMax large-scale RNA production system T7
(Promega). WisL cells (in 12-well plates) were incubated with transfection
medium (RNA and Lipofectamine 2000 [Invitrogen, Carlsbad, Calif]
complexes) for 1 hour, which was then replaced with complete cell culture
medium. After cell collection, 3 freeze and thaw cycles, and RNase
A treatment, total RNA was extracted, and RV RNA concentrations were
measured (see the Methods section in the Online Repository for further
details).

Statistical analysis

Values are expressed as mean (= SEM). Groups were compared by using
paired ¢ tests and mixed-effects linear models with the Tukey adjustment for
multiple comparisons. Z-scores for viral replication (adjusted for viral
binding) and cytokines and/or chemokines (adjusted for viral replication)
were obtained by regressing the outcome measure on the adjustment variable
and extracting the standardized residuals. P values of <.05 were considered to
indicate statistical significance.

RESULTS
RV-B types reveal lower viral binding and lower and
slower viral replication

We first examined species effects on viral replication. We
infected differentiated HSECs with viruses (3 types each of RV-A,
RV-B, and RV-C; 10® RNA copies/sample) and then quantitated
RV RNA by qRT-PCR just postinfection (PI) (viral binding)
and at 24 hours PI. Because more than 95% of RV RNA remained
cell-associated at 24 hours PI (see Fig ES5 in this article’s Online
Repository at www.jacionline.org), we measured RV RNA in
HSECs and compared it among RVs. Compared with RV-A or
RV-C types, the amount of RV-B52, RV-B72, or RV-B6 RNA in
HSECs was slightly lower just PI (Fig 1, A), and these differences
were more pronounced at 24 hours PI (Fig 1, B). When types in
the same species were combined, the amounts of RV-B RNA
just PI as well as at 24 hours PI were significantly lower than those
of RV-A or RV-C RNA (Fig 1, C). Furthermore, the net increase in
RNA (24 hours PI minus 4 hours PI) was lower in RV-B (Fig 1, D).
Analysis of these findings suggested that, not only viral binding as
assessed just PI, but also viral replication as assessed at 24 hours
PI, was lower in RV-B.

We examined the growth kinetics of infection by using all 9
viruses. The amounts of RV-A and RV-C RNA reached
maximum at 24 or 48 hours PI (Fig 1, E). In contrast, RV-B
RNA increased more gradually and reached maximum at 72
hours PI (Fig 1, E), which indicated that RV-B types replicate
more slowly in vitro. Compared with RV-A and RV-C, the
amounts of RV-B types in HSECs at 72 hours PI were still
significantly lower (Fig 1, E), and they did not increase after
72 hours PI (data not shown). Therefore, RV-B types replicated
more slowly and to lower levels compared with RV-A or RV-C
types.

We then compared the dose-related effects on virus replica-
tion among RVs. After inoculation with higher doses (>10° RNA
copies) of RV, the amount of cell-associated RV-B52 RNA was
lower than that of RV-A16 RNA (Fig 2, A). At 24 hours PI,
the amounts of RV-B52 RNA were lower than that of RV-A16
or RV-C15 RNA at all doses tested (Fig 2, B). Furthermore,
the net increase in viral RNA over 24 hours was less for
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FIG 1. Effect of RVs on viral replication in differentiated HSECs. The amount of RV RNA in adherent cells was
measured just Pl (A) or at 24 hours Pl (B) (n = 5). C and D, Viral types were combined by species. The
amounts of RV RNA (C) and net increase in RV RNA (D) are shown (n = 15). E, Growth kinetics of infection
of RV-A, RV-B, and RV-C (n = 15). **P < .01 and ***P <.001 (vs RV-B).

RV-B52 compared with RV-A16 and RV-C15 (Fig 2, C), even
after adjusting for differences in viral binding (Fig 2, D).
Analysis of these findings suggests that, not only virus entry

(eg, receptor binding, endocytosis, uncoating), but also later
stages of virus infection (eg, replication, host shut off) are
impaired in RV-B types.
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FIG 2. Effect of inoculation dose of RVs on viral replication. The amount of RV RNA was measured just Pl
(A) or at 24 hours PI (B) (n = 5). C, The relationship between the amount of RV RNA just Pl (viral binding) and
that at 24 hours Pl is shown. D, Z-score of amounts of RV RNA at 24 hours Pl after adjusting for viral binding.

*P < .05, ¥**P< .01, and ***P < .001 (vs RV-B52).

Effect of RVs on cellular cytotoxicity, barrier
function, and apoptosis

Next we examined the effect of RVs on cytotoxicity in
differentiated HSECs. Because RV infection does not cause
notable cytopathic effects in ALI cultures,” we assessed cellular
cytotoxicity by measuring LDH concentrations in basal medium.
We measured LDH release after inoculation with each of the 9
RVs and found that RV-B types released less LDH than did
RV-A or RV-C at 48 hours PI and 72 hours PI (Fig 3, A-C). We
also evaluated effects of RV infection on the barrier function of
HSECs by measuring transepithelial resistance and fluorescein
isothiocyanate—dextran transit, and found no differences among
RVs (data not shown). Furthermore, RVs induced similar levels
of apoptosis, as measured by caspase 3/7 activity (Fig 3, D).
Similar results were obtained when the cells were assessed at 8
or 48 hours PI (data not shown).

Transfection of WisL cells with RV-B52 produces
less viral RNA than that with RV-A16 or RV-C15

As described above, analysis of our findings suggests that, after
incubation of ALI cells with equivalent amounts of virus, RV-B

types had lower binding and replication (Fig 1, C and D).
To further confirm whether the lower RV-B replication was
independent of receptor binding, we transfected WisL cells (fetal
lung fibroblasts) with RNA from different RVs. Transfection of
RV-B52 RNA produced less virus at 16 hours after transfection
compared with that of RV-A16 or RV-C15 RNA (Fig 4, A and
B). In addition, transfection of RV-B52 RNA caused less
cytopathic effect than that of RV-A16 or RV-C15 RNA (Fig 4,
C), which was consistent with the results of LDH release
in HSEC ALI systems. Similar results were obtained after
transfecting with RV-B72 RNA compared with RNA from
RV-A36, RV-C2, or RV-C41 (data not shown).

Effects of RVs on induction of cytokines

Next we examined effects of RVs on induction of cytokine
secretion, including chemokines (CCL5, CXCL8, CXCL10, and
CXCL11), interferons (IFN-a2, IFN-3, and IFN-A1), and IL-6,
into basal medium. In general, RV infection was a potent inducer
of CXCL10, CXCL11, CCLS, and IFN-\1. However, RV-B types
induced significantly less cytokine secretion than RV-A or RV-C
at 48 hours PI and 72 hours PI (Fig 5 and Fig E6 [in this article’s
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FIG 3. Effect of RVs on cellular cytotoxicity or apoptosis. A, Time course of cellular cytotoxicity (n = 15).
Cellular cytotoxicity at 72 hours Pl caused by individual RV types (B) (n = 5) or from groups that were
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###P < .001 (vs mock-infected cells).

Online Repository at www.jacionline.org]). This effect persisted
even after adjusting for differences in virus load (Fig 6) (data
not shown). RV also induced low level secretion of IL-6 and
CXCLS, and RV-A and RV-C types induced greater secretion of
these cytokines compared with RV-B (data not shown). RV did
not induce epithelial cells to secrete IFN-a2, and induction of
IFN- was minimal (data not shown).

Effects of RVs on viral replication in PBECs

To test effects of RVs on viral replication in a different source of
airway cells, we infected well-differentiated cultures of PBECs
with different RVs. The species-specific effects were similar;
RV-B replicated at a lower rate compared with RV-A or RV-C (see
Fig E7 in this article’s Online Repository at www.jacionline.org).

DISCUSSION

In this study, when using an HSEC ALI system, we found that
RV-B types had lower viral binding and replicated more slowly
and to lower levels compared with RV-A and RV-C. Transfection

experiments confirmed lower rates of RV-B replication in a
system that bypassed receptor binding. Further, RV-B types
caused less cell damage than other RVs and induced less
proinflammatory cytokines, chemokines, and interferons. Similar
results were obtained with PBECs instead of HSECs. These
findings support the hypothesis that RV-B types have reduced
replication and induce a lesser cytokine response compared with
RV-A or RV-C, and these characteristics are likely to contribute to
the reduced virulence of RV-B that has been observed in clinical
studies.' 2"

In this study, we used several strategies to develop an in vitro
system that closely mimicked natural infections. First, we used
clinical isolates of RVs instead of “laboratory” strains that have
been propagated in cell lines over extended periods of time.
It is well known that characteristics of laboratory strains of RVs
can be quite different from that of clinical isolates.’’ The
individual RV strains were selected from the phylogenetic tree
to broadly represent each species.'® Seven of the 9 RV types
were derived from cloned cDNA, which allowed the viruses to
be produced by using the same protocol and cell lines. In addition,
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hours after transfection. Scale bars, 100 pm.

use of cloned viruses minimizes the genetic drift that can occur
after repeated culturing.”’ The error rate of picornavirus RNA
polymerases has been estimated to range between 1072 and
10~* errors/nucleotide per cycle of replication.””® Because
plasmid DNA polymerases are much less error prone, the
plasmids provide a stable source of RV sequence and allow for
the production of multiple batches of viruses with genomes that
are nearly identical to the original clinical isolate. Furthermore,
we used fully differentiated bronchial or sinus epithelial cells to
more closely mimic conditions in the airway. This combination
of viruses and cells appears to be a good model for clinical RV
infection in that the observed rate of increase of RV-A replication
in vitro (1.5-2 log increase at 24 hours PI) is quite similar to the
rate of increase in RV RNA in nasal secretions in the first 2
days after experimental infection of volunteers with RV-A16.%*
As for virus quantitation, we measured virus inoculum and
replication by using qRT-PCR primers that were designed to
amplify each of the viral sequences with high affinity and similar
efficiency. RNase A treatment was performed before RNA
extraction and qRT-PCR so that the measurement would represent
only RNA packaged into capsids (ie, virions). PCR was selected
for virus quantitation rather than cell culture-based techniques,

such as plaque assay or measuring tissue culture infective dosesso/
mL for several reasons. First, cell-based quantitative techniques
are not yet available for RV-C. This virus does not grow in stan-
dard cell culture such as Hela cells, and it does not cause notable
cytopathic effects in HSECs or PBECs at ALI. Further, for a sin-
gle type, previous studies have demonstrated excellent correlation
between RV measured by plaque assay or tissue culture infective
doseso/mL and that by gPCR.***? Moreover, accurately quanti-
tating several different RV types by using cell-based techniques
can be problematic because the results depend on the cell line
that is used, and specific strains can require different cell lines
for titering.”®

In a previous study, Wark et al’’ examined the diversity in the
PBEC response to infection with different RV strains. They
infected undifferentiated cell monolayers with laboratory strains
of RV-A and RV-B as well as clinical isolates, and found that
infection with minor group RVs resulted in greater cytotoxicity
and release of CXCL10, IL-6, and IFN-B, and less viral
replication. These findings are likely related to the fact that
monolayers of epithelial cells cultured in serum-free medium
have an approximately 10-fold greater expression of minor group
versus major group RV receptors, which leads to correspondingly
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***P < .001 (vs RV-B).

higher rates of infected cells.””** Despite higher infection rates in
monolayers in vitro, minor-group viruses have not been reported
to cause more severe illnesses in clinical studies.'' ' In the article
by Wark et al,”’ viral replication, cytokine and/or chemokine
production, and apoptosis were similar between a single clinical

isolate of RV-A (A43) and that of RV-B (B48). Differences in
our findings versus those of Wark et al*” could be due to a number
of factors related to experimental design, including differences in
cell types and cultures (HSEC ALI vs undifferentiated PBEC),
virus quantitation (qPCR vs cell culture), measurement of virus



8 NAKAGOME ET AL

A
6
é\ @® RV-A
R V RV-B
g
on
NS
=z 4
—
>
U 3
2 -
6 7 8 9
RV RNA (copies, log10)
Cs
® RV-A
= 4 V RV-B
& B RV-C
= v A
g
] . ol A
& 3
= B
<
Z 2 Vi
VWVV v
1 : r
6 7 8 9

RV RNA (copies, log10)

J ALLERGY CLIN IMMUNOL
umm 2014

skeskosk

@*** 3

Z-score
S
1

RV-A RV-B RV-C

Z-score
(e}
(S

KA

-2 T T T
RV-A RV-B RV-C

FIG 6. Relationship between cytokine production and virus load. A, The relationship between CXCL10
concentrations and virus load at 48 hours Pl. B, Z-score of CXCL10 concentrations after adjusting for
virus load at 48 hours Pl. C, The relationship between IFN-\1 concentrations and virus load at 48 hours
Pl. D, Z-score of IFN-A1 concentrations after adjusting for virus load at 48 hours Pl. *P < .05 and

**¥P <.001 (vs RV-B).

in cells versus media, and testing of a larger number of clinical
isolates.

Several factors could contribute to reduced viral replication of
RV-B types. First, viral binding of RV-B types in our experiments
was lower than that of RV-A or RV-C. Because we selected only
RV-A and RV-B types that bind to ICAM-1, differences between
RV-A and RV-B in viral binding are independent of receptor
expression levels. There are species-specific differences in the
VP1 capsid sequences,® which may account for distinct binding
properties. In addition to reduced binding, RV-B replication after
both infection and RNA transfection was slower, which suggests
differences in later stages of virus life cycle such as viral protease
activity or viral protein translation and RNA replication. RV
encodes 2 proteases, 2AP™ and 3CP™, and the former interferes
with host cell defenses by cleaving translation factor eIF4G to
shut off cellular translation, and several nuclear pore proteins to
block nucleocytoplasmic trafficking. Watters and Palmenberg”
demonstrated species-related differences in protease functions;
2AP™ of RV-B cleaved elF4G or Nup62 approximately 4 times

more slowly compared with that of RV-A or RV-C. Therefore,
RV-B may be less efficient at shutting off host cell antiviral
responses, and the net result could be slower viral replication.
There is a positive, albeit loose, relationship between RV virus
load and clinical symptoms,ﬁ'“‘41 and virus-induced cytokines,
chemokines, and interferons may also contribute to respiratory
symptoms.*>*> We demonstrated that RV-B types induce lower
quantities of proinflammatory cytokines, which also could lead
to milder illness. For example, CXCL10 may be increased in
virus-induced asthma exacerbations compared with milder
illnesses,42'44 and increased levels of CXCL10 correlate with
clinical disease severity, including severe airflow obstruction.”’
Concordant with lower rates of replication, RV-B also induced
less IFN-A1 than RV-A or RV-C (Fig 5, J-L). Interferons have
antiviral properties’®*’ but may also contribute to signs and
symptoms of illness.”® RV-B also caused less cell lysis, as
indicated by lower LDH release PI. LDH release was used as a
surrogate for cell lysis because, in primary cells, only a small
minority of cells are infected,”™ and cytopathic effects are
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generally not evident in ALI cultures. Apoptosis can also control
viral replication,“g‘5 9 but we found no evidence that RVs affected
apoptosis.

One limitation that should be considered in interpreting the
findings of our study is that the receptor for RV-C is distinct (and
as yet unknown) from that of other RV. Therefore, differences in
RV-C receptor expression could complicate comparisons of
binding and replication with other RV. Notably, RV-C and RV-B
replicated at different rates even when cells were transfected with
viral RNA to bypass cell surface receptors. Furthermore, clinical
studies suggest that RV-C may have greater virulence than RV-A
or RV-B."""'® We did not find significant differences in epithelial
cell responses to RV-C versus RV-A, which suggests that other
mechanisms, perhaps that involve cells other than epithelial cells,
may be important to consider in future studies.

In conclusion, RV-B types exhibit lower and slower replication,
and less cytopathic effects compared with RV-A or RV-C in vitro.
RV-B induced less cytokines and chemokines such as CXCL10 in
differentiated HSECs. These characteristics may contribute to
reduced severity of illnesses that has been observed with
infections with RV-B. Identifying the mechanisms of reduced
virulence for RV-B types could lead to the development of novel
therapeutic strategies for more virulent RVs.

‘We thank Tressa Pappas, Amy Dresen, and Fue Vang for excellent technical
assistance.

Clinical implications: RV-B types replicate at a lower rate and
produce less cytokine and/or chemokine compared with RV-A

or RV-C, which may contribute to the clinical observation
that RV-B causes less severe illnesses.
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METHODS

Viruses

RV-C15 is a clinical isolate that we previously cloned.”' RV-A16 is a
clinical isolate that was cloned and provided by Wai-Ming Lee, PhD (Bio-
logical Mimetic Inc). In addition, in this study, we cloned the full-length
cDNA copies of RV-B52, RV-B72, RV-A36, and RV-C41 that are also clin-
ical isolates. All isolates were obtained from nasal secretion samples of
infants who participated in a birth cohort in1998 to 2001 and partially
(more than 95% of complete genome) sequenced in the laboratory of
Stephen B. Liggett, MD (University of Maryland School of Medicine,
Baltimore, Md).m The assigned GenBank accession numbers are
JF781506 (B52), JN614997 (B72), JF781497 (A36), JN990703 (C2),
and JN798565 (C41). Briefly, we first isolated total RNAs (RNeasy
Mini Kit, Qiagen, Valencia, Calif) from 100 pL of nasal secretions.
Next, we did reverse-transcription with random primers (TagMan, Life
Technologies, Grand Island, NY) or oligo (T) primers, and performed
PCR with the Platinum PCR SuperMix HF (Life Technologies) and
virus-specific primers (Table El). The strategies for cloning the full-
length cDNA copies of RV-B52, RV-B72, RV-A36, and RV-C41 are shown
in Figs El-E4. We finalized the complete genome sequences and
confirmed each viral cDNA insert by automated sequencing of both
strands. We also obtained the full-length cDNA copy of RV-C2 by gene
synthesis (Genewiz Inc, South Plainfield, NJ). The complete genome se-
quences of the cloned RV isolates were submitted to GenBank and as-
signed the following accession numbers: KF958308 (B52), KF958309
(B72), KF958307 (A36), KF958310 (C2), and KF958311 (C41).

Viruses were produced by transfecting viral RNA into WisL or Hela cells
as previously described.”"™* After 3 freeze and thaw cycles, the cell lysate
was treated with RNase A (10 wg/mL; Qiagen) for 10 minutes at room
temperature to get rid of free RNA (input and unpackaged) that is present
outside the virions. This procedure was included so that viral RNA
measurements by qRT-PCR would reflect the quantity of viruses and not
unpackaged viral RNA. The viruses were purified by pelleting through a
30% sucrose cushion in Beckman SW 41 rotor (Beckman Scientific, Rock-
ville, Md).bs'h(’ Pelleted virus was resuspended in PBS and stored at
—80°C. As for RV-C2 and RV-C41, purification by centrifugation by using
the 30% sucrose induced the loss of infectivity of these viruses (data not
shown), so we used their clarified cell lysates after RNase A treatment
for our experiments.

RV-A7 and RV-B6 are also clinical isolates that were produced by
inoculating nasal secretions into WisL or Hela cells, as previously
described,”"’ and purified by using the same protocol used with the cloned
viruses except for RNase A treatment. The University of Wisconsin Human
Subjects Committee approved the protocol, and informed consent was
obtained from the patient’s families.

Cultures of HSECs or PBECs grown at the ALI

We cultured HSECs or PBECs as previously described.”* "' Sinus
epithelial tissue was obtained from residual surgical specimens from
individuals undergoing sinus surgery,”' and lung tissue was obtained
from surgical specimens from lung transplantation donors. The protocol
was approved by the University of Wisconsin Human Subjects
Committee. Before proceeding with the experiments, all the samples
were tested for RV, adenovirus, influenza, parainfluenza, enterovirus,
respiratory syncytial virus, metapneumovirus, coronavirus, and bocavirus
by multiplex PCR.”"" To obtain HSECs or PBECs, the tissue was washed
with PBS and digested by pronase (Roche, Basel, Switzerland) and
DNase (Sigma Aldrich, St Louis, Mo).E10 Epithelial cells were seeded
in 75 cm? CellBind flasks (Costar; Corning Inc, Corning, NY) and
cultured in Bronchial Epithelial Growth Medium (BEGM) (Lonza,
Walkersville, Md). At 90% confluence, the cells were dissociated with
trypsin and seeded at a density of 1.5 X 10° cells/em® in BEGM onto
the apical surface of 1.13 cm? Transwell polycarbonate inserts (Costar
0.4-pm pore size, 10-mm membrane thickness; Corning) coated with
human placental collagen Type VI (Sigma Aldrich) in a 12-well plate
for differentiation at the ALI. The cells obtained at passage 0 (P-0)
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and P-1 were frozen in liquid nitrogen for future use. The cells were
fed basally with BEGM and incubated at 37°C for first 24 hours. The
medium was removed from the apical surface, and the basal medium
was changed to BEGM and Dulbecco’s modified Eagle’s medium in a
1:1 ratio supplemented with the additives, as previously described."*'?
The medium was replaced daily for the first 7 days and every other day
thereafter. Epithelial cells were cultured at the ALI for 2 months to form
completely differentiated epithelia.

RV inoculation

After complete differentiation of epithelial cells, we infected HSECs or
PBECs with purified viruses, as previously described.”* Briefly, the medium
was removed, and the cells were washed 3 times with PBS. Aliquots of viruses
were diluted in BEGM/0.01% BSA to a desired concentration and 100 pL of
inoculum was added to the apical surface of the ALI culture. The cultures were
gently shaken (15 minutes, room temperature) and then incubated with virus at
34°C for 4 hours. The cultures were washed at the apical surface 3 times with
PBS and samples were collected in 350 wL RLT lysis buffer (Qiagen) to assess
cell-associated virus. The remaining samples were fed basally with 1 mL of
ALI medium, whereas dissociated cells were plated in a 12-well plate and
incubated (34°C) for 24 to 72 hours. After aspirating the basal medium, cells
were collected in 350 wL of RLT buffer (Qiagen) for RNA extraction and
gRT-PCR analysis.

In all experiments that involved measurement of cytokine and/or
chemokine production and apoptosis, we changed ALI medium to one
having a reduced concentration (10~% M vs 107® M in growth medium) of
hydrocortisone 24 hours before infection to minimize inhibitory effects of
hydrocortisone on chemokine production or pro-apoptotic effects. Aliquots
of viruses were diluted in BEGM per 0.01% BSA with a reduced concentration
of hydrocortisone. After 4 hours of infection, the cultures were washed 3 times
with PBS and were fed basally with 1 mL of ALI medium having a low
hydrocortisone concentration.

Cellular cytotoxicity

Basal medium after virus infection was assayed for LDH release as an
indicator of cellular cytotoxicity.”'* LDH concentrations were measured at 24,
48, or 72 hours after infection by using CytoTox 96 Non-Radioactive
Cytotoxicity Assay (Promega) according to the manufacturer’s instructions.
Briefly, 50 pL of supernatant was transferred to a 96-well plate.
Reconstituted substrate mix was then added to each well (50 pL) and
incubated for 30 minutes at room temperature in the dark. Then 50 pL stop
solution was added to each well for termination of reaction. Absorbance
was recorded at 490 nm. We added Lysis Solution (Promega) to the apical sur-
face of the ALI culture to obtain maximum LDH release in basal medium. The
percentage of LDH release (% cytotoxicity) was calculated compared with
maximum LDH release.

Tight junction permeability

We assessed tight junction paracellular permeability by using fluorescently
labeled dextrans by previously reported methods with a slight modification.™"*
Briefly, we added 50 L of 12 mg/mL fluorescein isothiocyanate—dextran
(Sigma Aldrich) plus 250 pL of medium to the apical surface of the ALI
culture (at final concentration of 2 mg/mL) and incubated for 24 hours at
34°C. Then, 100 pL of basal medium was transferred to the plate, and
the fluorescence of transported dextran was measured in a fluorometer
(Fluoroskan Ascent FL; Thermo Labsystems, Waltham, Mass) at excitation
485 nm and emission 538 nm. We assessed the degree of tight junction perme-
ability to ionic solutes by measuring transepithelial resistance by using a
chopstick EVOM voltohmmeter (World Precision Instruments, Sarasota,
Fla) after temporary addition of 0.5 mL of culture medium to the upper
insert "'

Apoptosis
Caspase 3/7 activity was assessed by using Apo-ONE Homogeneous
Caspase-3/7 Assay (Promega). We added 100 pnL of PBS and 100 pL of
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caspase-3/7 reagent to the apical surface of the ALI culture and then incubated
for 4 hours by using a plate shaker. We then transferred the mixture of PBS and
caspase-3/7 reagent to a plate (Microfluor 1, black; Thermo Scientific,
Waltham, Mass) suitable for fluorescence measurement. Fluorescence was
measured at excitation 485 nm and emission 538 nm. Staurosporine (50 uM;
Sigma-Aldrich) was used as a positive control. Fluorescence of mock-infected
cells was used as a control of caspase 3/7 activity.

Cytokine and/or chemokine production

Basal medium after virus infection also was assayed for CCL5, CXCL3,
CXCL10, CXCL11, IFN-a2, IFN-B, IFN-A1, and IL-6 proteins. CCLS5,
CXCL10, CXCLI11, IFN-o2, IFN-A1, and IL-6 concentrations were
assessed by using mutiplex ELISA (MILLIPLEX Human Cytokine/
Chemokine Panel 1 and III kits; Millipore, Temecula, Calif) according to
the manufacturer’s instructions. A Luminex 100 (Luminex Corp, Austin,
Tex) instrument was used to run plates and generate quantitative data.
CXCL8 and IFN-B concentrations were determined by sandwich ELISA
(CXCL8 [R&D Systems, Minneapolis, Minn], IFN-B [PBL Assay Science,
Piscataway, NJ]).

In vitro RNA transcription and transfection of WisL
cells with RV RNA

In vitro RNA transcription and transfection were performed by using
previously reported methods with a slight modification."! RNA transcripts
were synthesized from the linearized plasmids with a RiboMax large-scale
RNA production system T7 (Promega), treated with RQ1 DNase I treated
(Promega), purified with an RNeasy Mini Kit (Qiagen), and analyzed
by agarose gel electrophoresis. RNA (0.25 or 2.5 pg) and 1.6 pL of
Lipofectamine 2000 (Invitrogen) were each diluted in 65 pL Opti-MEM
(Invitrogen) before mixing (final volume, 0.13 mL) and incubated at room
temperature for 20 minutes. WisL cells (in 12-well plates) were washed,
then overlaid with 0.13 mL Opti-MEM and 0.13 mL transfection mixture
per well. After 1 hour incubation at 34°C, transfection media were
replaced with complete cell culture medium (1 mL per well), and the
cells were incubated at 34°C. At 1, 16, or 24 hours after transfection, the
cells were collected. After 3 freeze and thaw cycles, the cell lysate was
treated with RNase A (10 pg/mL; Qiagen) for 10 minutes at room
temperature to get rid of free RNA. Total RNA was extracted from
100 pL of lysate, and then RV RNA concentrations were determined by
qRT-PCR.
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RV-B52
5.UTR 1A 1B 1C 1D 2A 2B 2C 3A3B 3C 3D 3'UTR
_ p— A(n)
1 625 832 1618 2326 3205 3643 3934 4924 5179 5248 5794 7173 7216

1 insl 912 5510 ins5 A(n)
756 ins2 3079 3524 ins4 5666
2335 ins3 3732
BamHI Sall
. pB52
pB52 insl pB52 ins1&2 10495 bp Poly(A)
4017 bp 6311 bp Eco53kI
BamHI

pMJ3

3204 bp

Xba I
Sacl Sall

pB52 ins3&4
6452 bp

pB52 ins3-5
8039 bp

pB52 ins3
4522 bp

FIG E1. Construction of the full-length cDNA copy of RV-B52. The genome of the B52 consists of a single
open-reading frame flanked by the 5’ and 3’ untranslated regions and encodes 1 large polyprotein that is
cleaved to provide mature viral proteins (1A-1D, 2A-2C, 3A-3D). Five overlapping cDNA fragments were
synthesized by RT-PCR from viral genomic RNA by using primers (Table E1). To clone the full-length cDNA
of B52, pMJ3 was digested with Sall and BamHI and separately ligated to insert 1 with an upstream T7
promoter and ribozyme to make “pB52 ins1,” and then ligated to insert 3 to make “pB52 ins3.” Insert 2
was cloned into “pB52 ins1” by using BamHI and Sacl restriction sites to make “pB52 ins1&2.” Insert 4
was next cloned into “pB52 ins3"” by using Hpal and Xmal restriction sites to make “pB52 ins3&4"” and
then insert 5 was cloned into “pB52 ins3&4” by using Xbal and Sacl to make “pB52 ins3-5.” Finally, the
cDNA fragment that contained inserts 1 and 2 was excised from “pB52 ins 1&2"” by using Sall, and this
fragment was then ligated into “pB52 ins3-5” to make “pB52.” The final recombinant plasmid pB52
contained a full-length cDNA copy of the viral RNA downstream of a T7 promoter and ribozyme.
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RV-B72
5-UTR 1A 1B 1C 1D 2A 2B 2C 3A3B 3C 3D 3'UTR
® = A(n)
1 632 839 1625 2333 3200 3638 3929 4919 5174 5243 5789 7168 7217
1 insl 1245 2897 ins3 5091
1210 ins2 3025 5072 ins4 A(n)

Nhe I

Hpal
Sac I

pB52 pB72 insl pB72 ins1-3

pB72 ins1&2

10495 bp 4478 bp 8325 bp

6257 bp

pB72

—> Poly(A)
10489 bp < roly
pro&7oter Eco53kI

FIG E2. Construction of the full-length cDNA copy of RV-B72. The genome of the B72 consists of a single
open-reading frame flanked by the 5’ and 3’ untranslated regions, and encodes 1 large polyprotein that is
cleaved to provide mature viral proteins (1A-1D, 2A-2C, 3A-3D). Four overlapping cDNA fragments were
synthesized by RT-PCR from viral genomic RNA by using primers (Table E1). To clone the full-length cDNA
of B72, pB52 was digested with Xmal and Sacl and then ligated to insert 1 with an upstream T7 promoter
and ribozyme to make “pB72 ins1.” Insert 2 was cloned into “pB72 ins1” by using Nhel and Sacl restriction
sites to make “pB72ins1&2.” Insert 3 was next cloned into “pB72 ins1&2"” by using Blp1 and Sacl restriction
sites to make “pB72 ins1-3.” Finally, insert 4 was cloned into “pB72 ins1-3” by using Hpal and Sacl to
make “pB72.” The final recombinant plasmid pB72 contained a full-length cDNA copy of the viral RNA
downstream of a T7 promoter and ribozyme.
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RV-A36
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1A 1B 1C 1D 2A 2B 2C 3JA3B 3C 3D 3'UTR
= A(n)
617 824 1625 2339 3206 3632 3917 4880 5108 5171 5720 7099 7141
insl 1855 6010 ins5 A(n)
1700 ins2 3110 4173 ins4 6156
2900 ins3 4617

pA36 insl-3
7849 bp

pB52
10495 bp

pA36 insl
5087 bp

pA36 ins1&2

6342 bp

Spe 1
Sacl —pp
promoter

pA36 insl-4
9389 bp

pA36
10417 bp Poly(A)

"~ Eco53kl

FIG E3. Construction of the full-length cDNA copy of RV-A36. The genome of the A36 consists of a single
open-reading frame flanked by the 5’ and 3’ untranslated regions, and encodes 1 large polyprotein that is
cleaved to provide mature viral proteins (1A-1D, 2A-2C, 3A-3D). Five overlapping cDNA fragments were
synthesized by RT-PCR from viral genomic RNA by using primers (Table E1). To clone the full-length cDNA
of A36, pB52 was digested with Xmal and Sacl, and then ligated to insert 1 with an upstream T7 promoter
and ribozyme to make “pA36 ins1.” Insert 2 was cloned into “pA36 ins1” by using Hpal and Sacl restriction
sites to make “pA36 ins1&2.” Insert 3 was next cloned into “pA36 ins1&2” by using Nde1 and Sacl restriction
sites to make “pA36 ins1-3.” Insert 4 was then cloned into “pA36 ins1-3"” by using BssHIl and Sacl to make
“pA36 ins1-4.” Finally, insert 5 was cloned into “pA36 ins1-4"” by using Spel and Sacl to make “pA36.” The
final recombinant plasmid pA36 contained a full-length cDNA copy of the viral RNA downstream of a T7
promoter and ribozyme.

BssHII
Sac |
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RV-C41
5.-UTR 1A IB 1C 1D 2A 2B 2C 3A3B 3C 3D 3'UTR
_ p— A(n)

1 626 827 1622 2327 3149 3575 3872 4850 5075 5141 5690 7069 7115
1 insl 1804 6000  insS A(n)
1700 ins2 2769 4433 ins4 6387
2350 ins3 4578
Nhe I
Xma | pA36 | pC41 insl pC41 ins1&2 pC41 ins1-3 Sac
10417 bp - 5036 bp 6002 bp 7810 bp
Sac I
Nhe I
pB72 — pC41 ins4 pC41 ins4&5
10489 bp — 6334 bp 7101 bp 10383 bp
Sac I

FIG E4. Construction of the full-length cDNA copy of RV-C41. The genome of the C41 consists of a single
open-reading frame flanked by the 5’ and 3’ untranslated regions, and encodes 1 large polyprotein that is
cleaved to provide mature viral proteins (1A-1D, 2A-2C, 3A-3D). Five overlapping cDNA fragments were
synthesized by RT-PCR from viral genomic RNA by using primers (Table E1). To clone the full-length cDNA
of C41, pA36 was digested with Xmal and Sacl, and ligated to insert 1 with an upstream T7 promoter and
ribozyme to make “pC41 ins1.” Insert 2 was cloned into “pC41 ins1” by using Ndel and Sacl restriction sites
to make “pC41 ins1&2,” and then insert 3 was cloned into “pC41 ins1&2” by using Spel and Sacl to make
“pC41 ins1-3"”; pB72 was digested with Nhel and Sacl, and ligated to insert 4 to make “pC41 ins4.” Insert
5 was next cloned into “pC41 ins4” by using Blpl and Sacl to make “pC41 ins4&5.” Finally, the cDNA
fragment that contained inserts 4 and 5 was excised from “pC41 ins 4&5"” by using Nhel and Sacl, and
this fragment was then ligated into “pC41 ins1-3” to make “pC41.” The final recombinant plasmid pC41
contained a full-length cDNA copy of the viral RNA downstream of a T7 promoter and ribozyme.
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HitH
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RV RNA (copies/sample, log10)
[oe]

RV-Al6 RV-B52 RV-C15

FIG E5. Amounts of RV RNA in adherent cells and in the growth media. We
infected differentiated HSECs with viruses (RV-A16, B52, or C15; 102 RNA
copies/sample) and then quantitated RV RNA in adherent cells or that
released into the media by qRT-PCR at 24 hours Pl. The amounts of RV
RNA in adherent cells and those released into the media in log scale are
shown. *P < .05 and **P < .01 (vs RV-B52). ###P < .001 (RV RNA in cells
vs the media).



10.e8 NAKAGOME ET AL

A

CXCL10 (pg/ml, log10)

()

CXCL11 (pg/ml, logl10)

CCLS5 (pg/ml, log10)

IFN-A1 (pg/ml, log10)

—_— ] w
IFN-A1 (pg/ml, log10)

B
6
=
o0
2
E
on
RS
S
—
Q
<
@]
A16 A36 A7 B52B72 B6 C15 C2 C41
D
5
4 1 5
on
<
3 1 E
on
&
2 1 3
Q
>
1 1 Q
0 -
Al16A36 A7 B52B72 B6 C15 C2 C41
F
4
=
37 o
i<l
z
2 1 &
wy
—
Q
14 @]
0.

A16 A36 A7 B52B72 B6 C15 C2 C41

I

A16A36 A7 B52B72 B6 C15 C2 C41

J ALLERGY CLIN IMMUNOL
umm 2014

kskeok

ok sk

FIG E6. The effect of RVs on cytokine production at 72 hours Pl in differentiated HSECs. CXCL10 (A, B),
CXCL11 (C, D), CCL5 (E, F), and IFN-\1 (G, H) concentrations were measured in basal medium. Cytokine
production at 72 hours PI from individual virus (A, C, E, G) (n = 5) or from groups that were combined

(B, D, F, H) (n = 15). **P < .01 and ***P < .001 (vs RV-B).
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FIG E7. The effect of RVs on viral replication in differentiated PBECs. The
amount of RV RNA in adherent cells in log scale was measured just after
infection or at 24 hours Pl (n = 5). *P < .05 and **P < .01 (vs RV-B52).
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TABLE E1. Primers used for construction of the full-length cDNA copy of RV-B52, RV-B72, RV-A36, or RV-C41

Name Sequence(5'-3’) Length
pMJ3-f TGCGGGCCTCTTCGCTATTA 20
B52-5’end r GATACCCATCCGCTGTTTTAAGAACCCGGGATACCG 36
B52-ins1f CGGTATCCCGGGTTCTTAAAACAGCGGATGGGTATC 36
B52-inslr TTCCTGGGTTGTGATTGTTG 20
B52-ins2f ATCCTTTTCAATGGATCCTTCC 22
B52-ins2r TGCTGAGCTCTGTGAAACACCCTTATCTTCA 31
B52-ins3f GAAGAACTAGAGGAAGTTGTTGTCG 25
B52-ins3r AACAGGATCCTGAAGTTCGGTAACCTTTG 29
B52-ins4f GGGACTGTGGTGGCATTTTA 20
B52-ins4r TCTACCCGGGTACTCATAGCGTATCATGC 29
B52-ins5f CATTCATAGCAGAAGATCCAGAGG 24
B72-ins1f CGGTATCCCGGGTTCTTAAAACAGCGGATGGGTTC 35
B72-inslr TGCCGAGCTCATGTGATGCTAGCTGATGTTC 31
B72-ins2f GGTTGTGATACCAGAACATCAGC 23
B72-ins2r TGTCGAGCTCATTAACTATTCTAAAAGCCATGC 33
B72-ins3f CCATATGTAGGCTTAGCATCAGCA 24
B72-ins3r ATTAGAGCTCTAGCTTGGTTAACAGCCCTCT 31
B72-ins4f CTGGATAATACCAGAGATCCCTAC 24
A36-ins1f CGGTATCCCGGGTTCTTAAAACTGGGAGTGGGTTG 35
A36-inslr TTGCGAGCTCAGTTTGAGTGCGTAAATCA 29
A36-ins2f CCATACTTCCACCCAACCA 19
A36-ins2r GGAAGAGCTCTTGGTGGGCGTGGAC 25
A36-ins3f TTTATGAGCATTGCATCAGCTT 22
A36-ins3r ATAAGAGCTCCTTGACATTGCTGGTAGTG 29
A36-ins4f AATTTTTACCACTGTACGCATCTG 24
A36-insdr CATAGAGCTCAATTGCTTTCTTAAGTTTTGTGA 33
A36-ins5f TGAGGAGAGTGTCTTTGGTATTGA 24
C41 inslf CGGTATCCCGGGTTCTTAAAACTGGGTAGGGGTTGTTC 38
C41 inslr TTGTGAGCTCCCCTTCTATGTTATTTAATGG 31
C41 ins2f GGGTTCCACCCCTCAAAG 18
C41 ins2r AGGCGAGCTCCCATCGAATATCCTCAGC 28
C41 ins3f CATTCACACAACGCTAGAGGAAG 23
C41 ins3r AAACGAGCTCTTGATGGCTTCAGGTATTGTG 31
C41 ins4f CAGATGGTTTCCACCACTGAT 21
C41 insdr TTGTGAGCTCAAAGGCTAGTAGTTCTCCATCCA 33
C41 ins5f TGGAGCACTTGGAACCATTA 20
RV 3’end r (B52/B72/C41) GCTAGAGCTCTTCGAATCGA 20
RV Oligo-T (B52/B72/C41) GCTAGAGCTCTTCGAATCGAT »s, 45
A36 3’end r CTATGAGCTCGGCAAGTCCA 20

A36 Oligo-T CTATGAGCTCGGCAAGTCCAT (55, 45
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