Research Article

Journal of I'n'na..te
Immunity

JInnate Immun 2013;5:60-71
DOI: 10.1159/000342473

Received: April 10,2012
Accepted after revision: August 7, 2012
Published online: September 25, 2012

Replication of Respiratory Syncytial Virus
Is Inhibited by the Host Defense Molecule

Viperin

Glen McGillivary? Zachary B. Jordan? Mark E. Peeples® ¢ Lauren O. Bakaletz*

Centers for 2Microbial Pathogenesis and ®Vaccines and Immunity, The Research Institute, Nationwide Children’s
Hospital, and Department of Pediatrics, The Ohio State University College of Medicine, Columbus, Ohio, USA

Key Words

Antiviral proteins + Bronchiolitis + Chinchilla - Otitis media -
Pneumonia - Respiratory syncytial virus + Respiratory tract +
Viperin

Abstract
Respiratory syncytial virus (RSV) is an important viral patho-
gen of otitis media, bronchiolitis, and pneumonia. As infec-
tion of the upper airways is a precondition for the develop-
ment of these diseases, understanding RSV pathogenesis
and the host response induced by RSV in this niche may en-
ablethe development of novel therapeutic strategies against
this virus. We have used a microarray approach and showed
that expression of the gene that encodes the antiviral pro-
tein viperin was significantly upregulated in the chinchilla
nasopharynx up to 1 week after RSV challenge. Overexpres-
sion of human viperin in vitro diminished the ability of RSV
to infect HelLa or A549 cells. Furthermore, transduction of
the chinchilla airways with a recombinant adeno-associated
virus vector that encodes viperin resulted in reduced titers of
RSV in the nasopharyngeal lavage fluid. Collectively, these
data indicated that viperin plays a significant role in the in-
nate immune defense against RSV.

Copyright © 2012 S. Karger AG, Basel

Introduction

Respiratory syncytial virus (RSV) is a nonsegmented,
negative-strand RNA virus that belongs to the Pneumo-
virinae subfamily of the Paramyxoviridae family. This
virus is a major cause of respiratory infections in infants
and the elderly, and bronchiolitis and pneumonia caused
by RSV are the most frequent reasons for hospitalization
of young children [1]. RSV infects more than 70% of chil-
dren in the Ist year of life and essentially 100% by the age
of 2. It has been estimated that 34 million new cases of
RSV-associated acute lower respiratory tract infections
occur worldwide annually in children younger than 5
years, causing 66,000-199,000 deaths [2]. Compounding
the significant morbidity and mortality due to RSV is the
fact that repeated exposure is common in all age groups,
and previous infection does not prevent subsequent in-
fection [3].

RSV is transmitted from person to person via inhala-
tion of respiratory droplets. Initial attachment of the vi-
rion involves the viral attachment G glycoprotein, which
has been shown to adhere to glycosaminoglycans, par-
ticularly heparan sulfate, on the surface of immortalized
cells [4, 5]. This initial interaction enables engagement of
the viral fusion F protein, perhaps through the recently
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identified cellular receptor for RSV, human nucleolin [6].
Upon triggering, the viral fusion F protein refolds result-
ing in fusion of the virus envelope and the host cell mem-
brane. It is not clear what causes the viral F protein to
trigger, but we have suggested that reduced ionic strength
or molarity of the microenvironment, such as presence
within an endosome, may be involved [7]. This fusion
event results in the release of the RSV ribonucleoprotein
complex into the cytoplasm where mRNA transcription
and virus replication are initiated. Virus glycoproteins
and ribonucleoprotein complexes are targeted to lipid
raft domains at the cell surface, and mature virions sub-
sequently bud and release to infect other cells of the air-
ways [8].

RSV disease pathogenesis is a multifactorial and com-
plex process that includes the ability of the virus to target
and replicate in ciliated cells lining the airways and host
mobilization of key effectors of the innate and adaptive
immune system that mediate viral clearance [9-12]. Host
recognition of RSV is essential for regulating the outcome
of infection and mediated primarily through toll-like re-
ceptor 3 (TLR3) recognition of dsSRNA [13] and TLR4 de-
tection of the RSV F protein. Additional TLRs also con-
tribute to the regulation of immune responses to RSV [14,
15]. Signaling through these TLRs initiates a signaling
cascade leading to the induction of several transcription
factors such as interferon (IFN) regulatory proteins (IRF3
and IFR7), STAT (signal transducer and activator of tran-
scription), JNK (c-Jun NH,-terminal kinase), nuclear fac-
tor-kB, and others that augment expression of proinflam-
matory genes that include IFN-+. In addition, cytoplasmic
molecules such as retinoic acid-inducible gene (RIG-I)
can become activated in response to the presence of viral
nucleic acids within the cell and induce, although weakly,
expression of IFN-a and IFN-f3 [16]. IFN production con-
tributes to the RSV-induced altered expression of hun-
dreds of host genes [17, 18], but how this intricate tran-
scriptional response to virus results in an effective antivi-
ral state in the respiratory tract is not currently known.

Recently, the IFN-inducible protein viperin [19-21]
was shown to inhibit replication of several viruses that
include influenza virus [22], human cytomegalovirus
(CMV) [19], hepatitis C virus [23], dengue virus [24], al-
phaviruses [25], Sindbis virus [26], and human immuno-
deficiency virus [27]. The exact mechanism whereby vi-
perin inhibits replication for each of these viruses is not
known, but it is thought that this protein affects the later
stages of the viral life cycle by preventing release of viri-
ons from the cell surface. Wang et al. [22] have shown that
viperin localizes to lipid droplets within epithelial cells
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and can bind to and inhibit farnesyl diphosphate syn-
thase (FPPS). FPPS is an enzyme involved in cholesterol
and isoprenoid synthesis, and the interaction between vi-
perin and FPPS results in disruption of the organization
of lipid raft domains at the cellular phospholipid bilayer
[22]. Viperin expression is induced in response to influ-
enza virus infection [19, 23, 26, 28] which facilitates in-
teractions with FPPS and disrupts viral assembly at lipid
raft domains [22], a key step in the viral replication cycle.
As relatively little is known about the host response to
RSV in the upper airways, we previously characterized the
impact that RSV had on the expression of targeted antivi-
ral host defense proteins in this niche [29, 30]. Here, we
increased the breadth of our initial approach and utilized
microarray analysis to identify additional effectors of in-
nate immunity whose expression was modulated in re-
sponse to RSV and who likely exhibited antiviral activity.
We present evidence that intranasal challenge of chinchil-
las with RSV resulted in significant upregulation of vi-
perin expression in nasopharyngeal mucosa. We show
that viperin was produced in every upper airway tissue
permissive to infection with RSV [31, 32] and that aug-
mented production of viperin in epithelial cells in vitro
inhibited the ability of RSV to replicate. Furthermore,
recombinant adeno-associated virus (rAAV) vector-me-
diated overexpression of viperin in chinchilla airways
resulted in significantly reduced titers of RSV in nasopha-
ryngeal lavage (NPL) fluids compared to controls. Collec-
tively, our data demonstrate that expression of viperin in
the upper airways results in decreased replication of RSV
and suggests that viperin plays an important role in host
defense against this clinically important pathogen.

Materials and Methods

Determination of RSV-Mediated Alteration in Viperin Protein

Expression

Animal care and all procedures were performed in concor-
dance with institutional and federal guidelines, and were conduct-
ed under an approved protocol. To confirm our initial microarray
approach (online Supplementary Materials and Methods; see
www.karger.com/doi/10.1159/000342473 for all online suppl. ma-
terial), 2 juvenile chinchillas were inoculated intranasally with 1
x 108 pfu RSV or viral suspension buffer. Four days after viral
challenge, animals were sacrificed and nasopharyngeal mucosae
was obtained and stored at -80°C. Mucosae were homogenized
(Omni International, Kennesaw, Ga., USA) in 200 .l sterile saline
that contained a 1X protease inhibitor cocktail (Roche Applied
Science, Indianapolis, Ind., USA), centrifuged at 3,000 g to pellet
cellular debris and the supernatant was retained.

Eighty micrograms of protein from nasopharyngeal mucosa
were separated in a 4-20% mini-protean TGX gel (Bio-Rad, Her-
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cules, Calif., USA). Proteins were transferred to nitrocellulose for
1 hat4°C at 100 V, and blots were incubated with 3% skim milk
(Fisher Scientific, Pittsburg, Pa., USA) in TTBS (7.88 g Tris-HCI,
25 g NaCl and 0.5 ml Tween 20 per liter; Fisher Scientific; pH 7.2)
overnight to block non-specific binding of antibody. Blots were
incubated with a 1:1,000 dilution of a monoclonal anti-mouse vi-
perin antibody (kind gift from Peter Cresswell) and antibody
bound to the membrane was visualized with a 1:10,000 dilution
of HRP-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad,
Calif., USA) followed by chemiluminescent detection (GE Health-
care, Piscataway, N.J., USA). After capture of signal on film, blots
were incubated for 5 min in 0.2 M NaOH to strip bound antibod-
ies from the blot. Nitrocellulose was incubated in water for 5 min
and then with 3% skim milk blocking buffer. To confirm that
equivalent protein amounts were loaded on the gel and to provide
a standard for normalization of protein expression as assessed
via densitometry, blots were incubated with a 1:500 dilution of
goat anti-mouse glyceraldehyde-3-phopsphate dehydrogenase
(GAPDH; Invitrogen), and immunocomplexes were detected as
with viperin. Densitometric analyses of the intensity of protein
bands were reported as the ratio of viperin protein abundance
from RSV-infected to uninfected cultures normalized against the
GAPDH protein.

Relative Expression of Viperin in Upper Airway Tissues

To determine sites of viperin expression in the respiratory
tract, mucosal samples from the nasal septum, ethmoid turbi-
nates, nasoturbinates, nasopharynx, eustachian tube, and lung
were dissected from a naive juvenile chinchilla or a chinchilla
challenged 4 days prior with 1 X 10® pfu RSV A2. Samples were
homogenized and a Western blot was performed to detect chin-
chilla viperin as described in the previous section. GAPDH was
also detected to confirm that equivalent protein amounts were
loaded on the gel and to provide a target for normalization of pro-
tein expression as assessed via densitometry.

To determine what cell types expressed viperin in the upper
airways, we cultured differentiated, pseudostratified, ciliated na-
sopharyngeal epithelial cells. The conditions required to grow
these primary cells and the methods utilized to obtain sections
for staining with hematoxylin and eosin are reported in detail
elsewhere [33].

Ability of Viperin to Exhibit Anti-RSV Activity in vitro

A previous report demonstrated that HeLa cells do not express
detectable amounts of viperin as assessed by Western blot [19]. As
HeLa cells are also permissible to infection with RSV, we utilized
this cell culture system to determine if previous overexpression of
viperin resulted in a subsequent increase or decrease in the num-
ber of RSV-infected cells. We therefore seeded a 96-well plate with
2 x 10* HeLa cells (ATCC) per well grown in DMEM cell culture
medium (Mediatech, Manassas, Va., USA) supplemented with
7.5% fetal bovine serum (Fisher Scientific) and 100 U penicillin/
streptomycin (Mediatech) per liter and cultivated the cells over-
night at 37°C with 5% CO,. The next day, we incubated 100 ng of
pGM-17, the viperin overexpression construct, or pcDNA3.1/
nV5-DEST, vector control, with 0.4 pl of attractene transfection
reagent (Qiagen, Valencia, Calif., USA) in serum- and antibiotic-
free DMEM medium for 15 min at 25°C. Samples that contained
pGM-17, pcDNA3.1/nV5-DEST or cell culture medium alone
were added to cells overnight to allow for transfection and the

62 J Innate Immun 2013;5:60-71

cells were then washed 3 times with 1 X DPBS (Mediatech). Cells
were inoculated with complete cell culture medium with or with-
out recombinant green fluorescent protein (GFP)-expressing RSV
(MOI = 1) for 48 h [5]. Cells were washed thrice with 1 X DPBS
and then 200 pl of 0.25% trypsin-21 mM EDTA in HBSS (Medi-
atech) were added to detach the cells from the microtiter plate.
HeLa cells were centrifuged at 400 g for 5 min at 20°C to pellet
cells and then washed with 500 pl of HBSS that contained 1% bo-
vine serum albumin (Fisher). This process was repeated two more
times and the cells were immediately analyzed by flow cytometry
with a BD FACSCalibur. A total of 10,000 viable events were col-
lected for independent assays, and the data were analyzed with
FloJo software (TreeStar, Inc., Ashland, Oreg., USA). To assess the
relative ability of viperin to inhibit replication of RSV in a respira-
tory epithelial cell line, we used A549 cells purchased from ATCC,
cultivated these cells in DMEM supplemented with 10% fetal bo-
vine serum, and used the same experimental approach as was
used with the HeLa cells.

Construction of a rAAV9 Vector That Overexpressed Viperin

To initiate studies on the ability of viperin to exhibit anti-RSV
activity in vivo, we developed a system to overexpress this pro-
tein in the chinchilla airways. In preliminary studies, we demon-
strated that challenge of chinchillas with a self-complementary
rA AV vector serotype 9 that contained a gfp transgene effective-
ly transduced the chinchilla upper airways. As such, we cloned
the human viperin cDNA (clone ID IOH55127) from a Gate-
way entry vector into an rAAV9 vector backbone. We used
Phusion DNA polymerase (New England Biolabs, Ipswich, Mass.,
USA), the Gateway plasmid, with viperin AAV9 forward
(5"-TAATAAACCGGTATGTGGGTGGTTAC-3") and viperin
AAV9reverse primers (5" TAATAAGCGGCCGCCTACCAATC-
CAG-3’) in a PCR reaction to amplify the viperin open reading
frame. Forward and reverse primers were designed to contain an
Agel or Notl restriction site, respectively, and conditions for am-
plification were an initial denaturation at 98°C followed by a
35-cycle 3-step procedure that consisted of denaturation at 98°C
for 10 s followed by annealing at 65°C for 30 s and extension at
72°C for 30 s. PCR products were separated in a gel red (Phenix
Research Products, Candler, N.C., USA)-stained agarose gel and
the Wizard SV gel and PCR clean-up system (Promega, Madison,
Wisc., USA) was used to extract and purify amplicons. The plas-
mid rAAV9.CMV.gfp [Viral Vector Core, The Research Institute
at Nationwide Children’s Hospital (TRINCH)] and amplified
DNA fragments were digested with Agel and Notl, gel extracted
again, and ligated (New England Biolabs). Plasmids obtained
from this cloning step were transformed into Escherichia coli
Top10 cells for growth on LB supplemented with 50 g ampicillin/
ml. Plasmids from selected recombinants were sequenced with
pscCMV forward (5-TGGTGCAAATCAAAGAACTG-3') and
reverse (5-GTTTATTGVAGCTTATGG-3’) primers and one
(pGM-22) contained the correct nucleotide sequence.

The Viral Vector Core at TRINCH uses a good manufactur-
ing practice production facility to generate rA AV vectors for re-
searchers at TRINCH and external academic collaborators. We
provided pGM-22 to the viral vector core and they generated and
purified the self-complementary rAAV serotype 9 vector that
expressed viperin from the CMV immediate/early promoter at a
titer of greater than 5 X 10! DNase-resistant particles (DRP)/
ml. The Viral Vector Core also provided the self-complementa-
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ry recombinant adeno-associated serotype 9 vector that ex-
pressed gfp from the CMV immediate/early promoter for our
studies.

Detection of GFP and Viperin in Chinchillas Transduced with

Selected rAAV Vectors

As proof of concept that chinchillas could be transduced with
self-complementary recombinant adeno-associated vectors, juve-
nile chinchillas were challenged intranasally with 1 X 10'! DRP
rAAV serotypes 5, 6, or 9 that expressed GFP. Each of these con-
structs was provided by the Viral Vector Core at TRINCH. One
week later, animals were imaged via micro-computed tomogra-
phy (GE Healthcare, Pittsburgh, Pa., USA) as described [33], sac-
rificed, and GFP production in the nasal cavity was detected with
a Leica M165 FC fluorescent dissecting microscope (Buffalo
Grove, II1., USA); images were captured with a Spot RT3 camera
(Sterling Heights, Mich., USA). Selected tissues were then recov-
ered from the nasal cavity and fluorescence was detected and
quantified with a Xenogen IVIS Spectrum system (Caliper Life
Sciences, Hopkinton, Mass., USA).

To determine whether we could overexpress viperin in the
chinchilla airways during RSV A2 infection, we established 3
cohorts of 4 juvenile chinchillas. We challenged 1 cohort intra-
nasally with 1 x 10" DRP rAAV serotype 9 that expressed GFP,
another with 1 X 10! DRP rAAV serotype 9 that expressed vi-
perin, and the third cohort received a mock treatment of viral
diluent. Both rAAV vectors were diluted with saline to 200 wl
prior to challenge of the chinchillas. Seven days later, we inocu-
lated all chinchillas with 1 X 108 pfu RSV A2 i.n.and NPL were
performed 2, 4, and 7 days after viral challenge. NPL fluid was
stored at ~80°C. Animals were sacrificed and viperin was de-
tected via immunohistochemistry as described [31] except that
we utilized a monoclonal anti-mouse viperin antibody diluted
1:200 and a 1:200 dilution of a goat anti-mouse secondary anti-
body conjugated with AlexaFluor 594 (Invitrogen). DAPI (4',6'-
diamino-2-pheynylindole) was used to label DNA. Sections
were viewed using a Zeiss Axiovert 200M microscope with
ApoTome, and images were captured with an AxioCam MRm
camera. As a comparison for relative viperin expression in the
nasal cavity, archived sections of upper airway tissues from na-
ive chinchillas were also processed in the same manner. The
relative pixel signal intensity of viperin labeling was quantified
with NTH Image]J software (http://rsbweb.nih.gov/ij/) across the
entire image. Sections from 3 animals per cohort were analyzed
in duplicate and the mean pixel intensity was reported relative
to naive animals.

Ability of Viperin to Exhibit Anti-RSV Activity in the

Mammalian Upper Respiratory Tract

To determine the ability of viperin to impact replication of
RSV in the upper airways, rAAV serotype 9-treated animals
were inoculated as described in the previous section and NPL
fluids were collected. The titer of RSV A2 in NPL fluids was de-
termined by inoculation in HeLa cells [34]. HeLa cells, grown to
approximately 80% confluence in microtiter plates, were incu-
bated with 20 wl NPL fluids that had been diluted in 80 pl cell
culture medium. Cells were incubated for 24 h at 37°C with 5%
CO,, growth medium was removed and cells were fixed for 20
min in 3% paraformaldehyde. Cells were washed 3 times with
100 w1 PBS and permeabilized for 20 min with 100 pl of 0.1%

Anti-RSV Activity of Viperin

Triton X-100 (Fisher Scientific) diluted in 1Xx PBS. Cells were
again washed 3 times with PBS and blocked with a milk block-
ing solution (KPL Inc., Gaithersburg, Md., USA) diluted 1:20
with sterile water. A 1:200 dilution of rabbit anti-RSV antibody
(Thermo Scientific, Rockford, Ill., USA) was added to wells, and
microtiter plates were incubated at 25°C for 1 h. The solution
was decanted and unbound antibody was removed by washing
3 times with 1X PBS for 5 min each. A 1:200 dilution of goat
anti-rabbit antibody conjugated with AlexaFluor 594 was used
as the secondary antibody. Cells were viewed using an inverted
microscope and the number of RSV antigen-positive cells deter-
mined. The dilution factor and inoculum volume were used to
calculate the RSV titer.

Statistical Analyses

Statistical analyses were performed by comparing data groups
using Student’s t test with significance accepted at p < 0.05. Anal-
yses were performed using GraphPad Prism.

Results

Analysis of Global RSV-Induced Transcriptional

Changes in the Upper Airways

To determine how RSV infection of the upper respira-
tory tract affected expression of mucosal effectors of in-
nate immunity, we performed a microarray analysis us-
ing RNA isolated from the chinchilla nasopharynx.
Chinchillas (n = 4/cohort) were inoculated with RSV A2
or diluent, and sacrificed either 4 or 7 days later. As the
chinchilla genome had not yet been sequenced at the time
we originated these studies, we utilized the whole human
Agilent array as it is known that many chinchilla cDNA
sequences share significant similarity to their human or-
thologs [29, 33, 35, 36]. We found that RSV inoculation of
animals resulted in =1.5-fold downregulation of 44
genes on day 4, and 42 on day 7 (online suppl. tables S1
and S2). We also found that 24 transcripts were upregu-
lated =1.5-fold on day 4 and 28 transcripts on day 7 after
inoculation (online suppl. tables S3 and S4). Included in
this list were several genes such as STAT-1, SOCS-1 (sup-
pressor of cytokine signaling 1), and IRF-7, whose encod-
ed protein products are known to be involved in the host
response to RSV infection of epithelial cells [18, 37]. In
addition to these well-described targets, the gene rsad2
which encodes the antiviral protein viperin was induced
3-fold 4 days and 4.2-fold 7 days after inoculation (online
suppl. tables S3 and S4). As viperin inhibits replication of
several viruses [22, 24], our data demonstrated that vi-
perin was upregulated in response to RSV, likely as a host
mechanism to protect the airways against this virus.
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Effect of RSV on Viperin Protein Production in the

Airways

We next determined whether the increase in rsad2 (vi-
perin) mRNA resulted in a concomitant increase in vi-
perin protein at mucosal surfaces. RSV-infected and mock-
challenged chinchillas (n = 2/cohort) were sacrificed 4
days after challenge, and we determined the relative
amount of viperin protein in nasopharyngeal mucosa by
immunodetection and densitometry. Nasopharyngeal ho-
mogenates from chinchillas infected with RSV for 4 days
showed a greater abundance of native viperin compared to
samples obtained from mock-infected chinchillas (fig. 1,
top panel). We also detected GAPDH from these same tis-
sue samples as a control for the loading of equivalent
amounts of protein and as a standard for normalization of
viperin protein expression (fig. 1, middle panel). Densito-
metric analysis showed that RSV infection of chinchillas
resulted in 67 and 83% increases in viperin expression
(fig. 1, bottom panel) compared to controls. Our results
indicated that upper respiratory tract infection with RSV
increased expression of viperin transcripts and viperin
protein in the mucosa of the chinchilla upper airways.

Determination of Relative Expression of Viperin

Protein in Chinchilla Tissues

We have previously demonstrated that challenge of
chinchillas with RSV results in the detection of viral an-
tigen in tissues of the airways that include nasoturbi-
nates, ethmoid turbinates and nasopharynx 7 days after
viral challenge [31, 32]. Micro-computed tomography im-
ages that depict the relative location of theses tissues
within the chinchilla nasal cavity are shown in figure 2a.
As viperin is a cytosolic protein and is not secreted [19],
we reasoned that viperin would have to be expressed not
only in the nasopharynx but also in other epithelial air-
way tissues to provide an effective defense against RSV.
Via immunoblot, we found that native viperin was pro-
duced in the mucosa of the nasal septum, nasoturbinate,
ethmoid turbinate, nasopharynx, eustachian tube, and
the lung of naive chinchillas (fig. 2b, top panel). Expres-
sion of viperin was greatest in the lung compared to the
other upper airway tissues evaluated. We did not find vi-
perin produced in non-respiratory tissues such as the
stomach (data not shown) or bladder (fig. 2b, top panel).
These data showed that viperin was expressed in tissues
that are permissible to RSV infection [31, 32] in the upper
and lower respiratory tracts.

We next evaluated whether challenge of chinchillas
with RSV resulted in upregulation of viperin not only in
the nasopharynx but also in additional upper airway tis-
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Fig. 1. Chinchillas (n = 2/cohort) were mock infected or chal-
lenged with 1 X 108 pfu RSV A2 and nasopharyngeal mucosa was
collected 4 days later. Tissues were homogenized and viperin (top
panel) or GAPDH (middle panel) was detected by immunoblot.
Densitometric analysis of viperin protein abundance is shown
and numbers represent the percent increase in viperin expression
relative to mock-treated animals normalized to GAPDH expres-
sion (bottom panel). Challenge of chinchillas with RSV A2 re-
sulted in increased expression of viperin protein compared to an-
imals that were mock treated.

sues. Mucosae from a RSV-challenged chinchilla used in
the microarray approach detailed in the section above
were homogenized and proteins separated by SDS-PAGE.
By densitometry, we determined that chinchillas chal-
lenged 4 days prior with RSV demonstrated at least an
84% increase in viperin expression in tissues that included
the nasal septum, nasoturbinates, nasopharynx, and eu-
stachian tube compared to naive animals (fig. 2c, top pan-
el). Upregulation of viperin in animals challenged with
RSV was least in the ethmoid turbinates (43%) among the
tissues that we evaluated. Abundance of GAPDH was
used as a standard for normalization of viperin protein
expression in these assays. These data indicated that up-
per airway infection with RSV increased expression of vi-
perin in multiple tissues of the chinchilla upper airways.

To further define what cell types in the airways produce
viperin, we utilized primary polarized chinchilla naso-
pharyngeal epithelial cells grown at the air-liquid interface
for 40 days to induce cellular stratification and differen-
tiation. Uninfected cells were fixed, embedded and immu-
nolabeled for viperin. Whereas a control that did not in-
clude primary antibody showed only negligible labeling
(data not shown), we readily detected viperin in cultured
chinchilla nasopharyngeal epithelial cells (fig. 2d, top
panel, green labeling). In parallel, we stained a serial sec-
tion with hematoxylin and eosin and identified cell types
based on their morphological differences. Ciliated respira-
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Fig. 2. a Micro-computed tomography was
utilized to image the chinchilla nasal cav-
ity in a sagittal (left panel) or coronal plane
(right panel) with nasoturbinates, eth-
moid turbinates, and the nasopharynx in-
dicated by yellow arrows. b, ¢ Tissues from
the chinchilla upper and lower airways
were homogenized, proteins were separat-
ed by SDS-PAGE and viperin (b, ¢, top
panel) was detected by immunoblot. Mem-
branes were then stripped of antibodies
and incubated with antisera directed
against GAPDH as a control for loading of
equal amounts of protein (b, ¢, bottom
panel). d (top panel) Chinchilla nasopha-
ryngeal epithelial cells were grown in vitro
at an air-liquid interface to induce polar-
ization and cellular stratification. Cul-
tures were fixed, embedded in paraffin,
sectioned, and incubated with a monoclo-
nal antibody directed against viperin. Sec-
tions were then incubated with a second-
ary anti-mouse antibody conjugated to Al-
exaFluor 488 (green) and counterstained
with DAPI to stain DNA (blue). d (bottom
panel) HE-stained serial section of d (top
panel) showing ciliated epithelial cells and
goblet cells. Viperin was produced by cili-
ated epithelial cells in every airway tissue
evaluated.

Ethimoid turbinates
Nasopharyn{

=

Ethmoid turbinates

Ciliated epithelial cells

A

Goblet cell

Ciliated epithelial cells

d Goblet cell

tory epithelial cells but not goblet cells stained with anti-
body to viperin, indicating that ciliated cells, not goblet
cells, express detectable amounts of viperin (fig. 2d, bot-
tom panel). Importantly, RSV exhibits tropism for ciliated
human epithelial cells [12] and our data demonstrated that
these cells derived from the upper airways expressed vi-
perin endogenously.

Effect of Viperin on RSV Replication in vitro

HelLa cells are permissive for infection with RSV [38]
and do not produce detectable amounts of viperin [19].
We therefore used these epithelial cells to determine if
viperin expression affected RSV infection or replication.

Anti-RSV Activity of Viperin

We cloned the human viperin cDNA into an expression
plasmid fused to an N-terminal V5 epitope tag and dem-
onstrated our ability to express viperin in transiently
transfected HeLa cells by PCR and immunoblot (online
suppl. fig. SIA and S1B).

HeLa cells were therefore transfected with the viperin
construct or a vector control, and inoculated with recom-
binant GFP-expressing RSV (rgRSV) at an MOI = 1. The
number of GFP-positive cells was determined 48 h later,
and transfected cells that were mock treated served as a
negative control. We demonstrated by flow cytometry that
approximately 62% of cells treated with transfection re-
agent alone and then rgRSV were positive for GFP, where-

J Innate Immun 2013;5:60-71 65



Mock rgRSV
400 400
300 300
£ 0.8% < 61%
£ 200 © 200
[ [
[v] [v]
100 100
0 0
10910" 102 103104 10910" 102 103104
a Fluorescence b Fluorescence
rgRSV + vector rgRSV + viperin
400 400
300 300
= 63% = 47%
2 200 © 200
[ (]
[v] [v]
100 100
0 0
10010" 102 103104 100101 102 103104
C Fluorescence d Fluorescence

"B Mock

60+ @ rgRSV
=) 504 O rgRSV + vector
% [ rgRSV + viperin
o 404 -
2
2304
o
Qo
a 20
S

104
e 0-

709 ‘W Mock

60 4 [l rgRSV
. [ rgRSV + vector
& 504 ‘O rgRSV + viperin
w
TB 40 4 -
v
2
7 30
e
& 204
[C]

10 4
f o

Fig. 3. HeLa cells or A549 cells were incubated with cell culture
medium or transiently transfected with either vector alone or a
viperin overexpression construct. One day later, cells were mock
treated or incubated with rgRSV at an MOI = 1. Two days later,
HeLa or A549 cells were trypsinized and the percentage of in-
fected cells was determined via flow cytometry. Representative
flow-cytometric plots of the mean percentage of GFP-positive

as uninoculated cells had a negligible number of positive
cells (fig. 3a, b, e). Similarly, cells that were transfected with
vector alone and incubated with rgRSV had a mean of 64%
infected cells (fig. 3c, ). In contrast, transfection of cells
with the viperin expression plasmid resulted in 20% fewer
rgRSV-infected cells compared to controls (fig. 3d, e).

To next determine whether overexpression of viperin
impacted on replication of RSV in a respiratory epithelial
cell line, we repeated the approach used with HeLa cells
except that we now utilized A549 human alveolar epithe-
lial cells which express low levels of endogenous viperin
(data not shown). As with HeLa cells, we first demonstrat-
ed our ability to express viperin in transiently transfected
A549 cells by immunoblot (online suppl. fig. S1C). We next
demonstrated that transient transfection of A549 cells with
our viperin overexpression construct resulted in a statisti-
cally significant 30% decrease in GFP-positive cells com-
pared to rgRSV alone (fig. 3f). As we evaluated 10,000 total
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HelLa cells for each of the conditions tested are shown (a-d). e,
f Percentages of GFP-positive cells (n = 3; e) and GFP-positive
A549 cells (n = 3; f; means £ SD). * p < 0.05, GFP-positive cells
vs. cells with rgRSV alone. Overexpression of viperin resulted in
an approximate 20-30% decrease in the percentage of RSV-infect-
ed epithelial cells.

events in our flow-cytometric approach, these data showed
that approximately 3,000 fewer cells were infected with
rgRSV when viperin expression was augmented compared
to rgRSV alone. These results provide the first evidence
that increased expression of viperin inhibits RSV replica-
tion within at least two distinct epithelial cell targets.

Ability to Overexpress Viperin in the Chinchilla Upper

Airways

Our in vitro results suggested that viperin could in-
hibit replication of RSV in the mammalian upper airways.
We therefore developed a molecular approach to overex-
press viperin in the respiratory tract of the chinchilla host
to determine if we could achieve a similar outcome in
vivo. Different serotypes of rA AV have distinct abilities to
transduce airway tissues of mice and rats [39, 40]. We first
tested the ability of rAAV serotypes 5, 6, or 9 that ex-
pressed gfp under control of the CMV promoter to trans-

McGillivary/Jordan/Peeples/Bakaletz



Nasopharynx

Fig.4. Chinchillas were challenged with 1 X
10! DNase I-resistant particles of self-com-
plementary rAAV serotype 9 that contained
the gfp transgene under the control of the
CMV immediate/early promoter. Seven
days later, animals were sacrificed and GFP
expression in several upper airway tissues
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scope (b). Insets Mucosae from an animal
that was not challenged with rAAV and
therefore did not express GFP (a). GFP ex-
pression was detected in every tissue evalu-
ated, which suggested that we could utilize
rA AV to overexpress viperin throughout the
chinchilla upper airways.
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Fig. 5. Chinchillas (n = 4/cohort) were mock treated or inoculated
with either rAAV that expressed GFP or viperin; 7 days later, an-
imals were challenged with 1 X 10® pfu RSV A2. After 7 days,
animals were sacrificed, the nasal cavity embedded and sections
of tissue from the ethmoid turbinates were incubated with a
monoclonal antibody directed against anti-mouse viperin (a) fol-
lowed by a secondary anti-mouse antibody conjugated to Alexa-
Fluor 594 (red) and counterstained with DAPI to stain DNA

Anti-RSV Activity of Viperin

(blue). As a comparison, we also evaluated viperin expression in
archived embedded sections of ethmoid turbinate tissue obtained
from naive chinchillas. b Image] densitometry analysis of sec-
tions presented in a showing the relative expression of viperin
among the cohorts with the naive animals set to a value of zero.
Two images from 3 animals per cohort were analyzed. * p < 0.05,
**p < 0.01, *** p < 0.0001, vs. naive animals.
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duce chinchilla upper airways. We detected modest fluo-
rescence in nasoturbinates, ethmoid turbinates, or naso-
pharynx by fluorescence microscopy and Xenogen imag-
ing 1 week after inoculation with either rAAV serotype 5
or 6. In contrast, we observed robust GFP expression in
all upper airway tissues evaluated from chinchillas that
received rAAV serotype 9 (fig. 4). Xenogen imaging was
used in this approach as this allowed us to quantitatively
determine relative GFP expression among tissues as mea-
sured by radiant efficiency. The greatest signal that we
observed was detected in the ethmoid turbinates followed
by nasoturbinates and nasopharynx. As the same genome
DNA was packaged in all three of these vectors and the
same number of particles were inoculated for each vector,
these results demonstrated that rAAV serotype 9 deliv-
ered to the nasal cavity of chinchillas resulted in the pres-
ence of gfp in the greatest number of infected cells.

We next determined whether transduction of the
chinchilla airways with rAAV serotype 9 that contained
viperin would result in augmented production of viperin
in the airways, in order to test the effect of viperin over-
expression on RSV infection. Three cohorts of 4 animals
each were established and administered vector diluent or
1 X 10" DRP of rAAV serotype 9 that expressed GFP or
viperin. Seven days later, all chinchillas were challenged
intranasally with RSV A2, and NPL fluids were collected
2, 4, and 7 days after inoculation with virus. The NPL
samples were utilized to quantify RSV infectivity in the
analysis presented in the section below. One week after
challenge with RSV, animals were sacrificed, the nasal
cavity was embedded and sections of ethmoid turbinate
mucosae were prepared. As a comparison, we also evalu-
ated viperin expression in archived embedded sections of
the nasal cavity from naive chinchillas. Immunofluores-
cence microscopy revealed that in the absence of rAAV
transduction, ethmoid turbinates were sites for viperin
production (fig. 5a, top two panels) and that RSV in-
creased viperin protein production thus confirming our
earlier data obtained by immunoblot analysis (fig. 2b, c).
Transduction of chinchillas with rAAV serotype 9-gfp
followed by RSV A2 resulted in a modest (9%) increase in
viperin expression compared to RSV-challenged animals
that were not transduced (fig. 5). In contrast, delivery of
rA AV serotype 9-viperin to the chinchilla nasal cavity re-
sulted in statistically significant (p < 0.001) 51 and 80%
increases in viperin protein expression compared to RSV-
challenged animals and naive animals, respectively.
These data showed that targeted delivery of rAAV9-vi-
perin augmented expression of viperin at a site of RSV
replication in the upper airways (fig. 5).
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Fig. 6. Chinchillas were challenged as in figure 5 and NPL fluids
were collected 2, 4, and 7 days after viral challenge. The concen-
tration of RSV A2 in NPL fluids was determined by incubation of
a serial dilution of sample with HeLa cells and staining for RSV-
positive cells 1 day later. * p < 0.05, RSV A2 titer vs. mock-treat-
ed animals. Overexpression of viperin resulted in decreased titers
of RSV in chinchilla NPL fluids compared to controls. These data
provided evidence that viperin exhibited anti-RSV activity in
vivo.

Effect of Viperin on RSV Replication in vivo

To now determine if overexpression of viperin inhib-
ited replication of RSV A2 in chinchilla upper airways,
we compared viral titers in NPL fluids from animals
among the 3 cohorts. Chinchillas that were mock treated
or that received rAAV serotype 9-gfp before challenge
with RSV A2 had titers of 2.5 X 10° pfu/ml after 2 days
(fig. 6). Chinchillas that received rAAV9-viperin before
RSV A2 showed a 58% reduction in viral titer at this ear-
ly time point, a result that approached statistical signifi-
cance (p = 0.1). A similar trend was observed 4 days after
RSV A2 challenge, wherein animals that overexpressed
viperin exhibited a diminished concentration of RSV A2
in NPL fluids compared to the other 2 cohorts. By day 7,
animals that were mock treated or that received rAAV
serotype 9-gfp before RSV A2 inoculation exhibited an
increase in viral titer to approximately 5 X 10° pfu/ml. In
contrast, animals that received first rAAV-viperin and
then RSV A2 showed approximately 1 log less RSV A2 in
NPL fluids, a statistically significant result (fig. 6; p =
0.05). These data indicated that overexpression of viperin
in the upper airways results in a diminished ability of
RSV to replicate in mucosal tissues of the mammalian
airways.
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Discussion

RSV is a significant health problem for young children
and the elderly, but RSV-induced diseases of the upper
airways are typically not life threatening. Clinical data
show frequent recurrence of RSV infection in young chil-
dren, and the importance of RSV is underscored by re-
cent studies that found RSV to be the predominant viral
pathogen in terms of predisposition to bacterial otitis me-
dia [41]. In addition, recurrent upper airway infections
enhance the chances of developing disease in the lower
airways, which can be severe or even fatal in the pediatric
population. We therefore initiated experiments to gain a
greater understanding of RSV pathogenesis and the com-
plex transcriptional host response to RSV in upper air-
ways. Here, we have identified viperin as a gene that is
upregulated in the upper airways of the chinchilla in re-
sponse to RSV and have demonstrated both in vitro and
in vivo that expression of this effector of innate immu-
nity protects host cells against RSV infection.

We first utilized microarray analysis to determine the
host response to RSV in nasopharyngeal mucosae of the
chinchilla. In these experiments, we found that several
genes implicated in the IFN response to virus, such as
IRF-7 [42] and STAT-1 [18, 43], were upregulated in chin-
chilla upper airways. The number of transcripts up- or
downregulated in response to RSV that we reported like-
ly underestimates the complete transcriptional response
of the host, as we used a human genechip for our analysis.
The number of probes that showed a hybridization signal
above background in the microarray was approximately
45% and therefore more than half of the oligonucleotides
on the chip did not have sufficient similarity to bind their
chinchilla counterpart sequences. Nonetheless, we de-
tected a significant increase in the expression of the IFN-
inducible gene viperin in response to RSV at both 4 and 7
days after viral challenge. Although not highlighted in
their studies, Janssen et al. [18] demonstrated that viperin
(also called rsad2) was upregulated in the mouse lung 3.7-
fold 1 day after challenge, and Schuurhof et al. [37] dem-
onstrated that viperin expression was increased in the
lung 5.6-fold 5 days after viral challenge. These results are
in agreement with our data that showed increased viperin
expression in the chinchilla upper respiratory tract 4 and
7 days after RSV challenge and suggest that the RSV-de-
pendent upregulation of viperin is conserved within the
upper and lower airways and in different animal models
of RSV disease. In addition, these data demonstrate that
viperin is upregulated early after viral challenge and that
augmented expression is maintained during RSV infec-

Anti-RSV Activity of Viperin

tion, likely as an attempt by the host to limit viral replica-
tion.

We have previously demonstrated that RSV infection
of chinchillas results not only in viral antigen in the na-
sopharynx but also in several upper airway tissues in a
time-dependent manner [31]. Here we have found vi-
perin was produced by ciliated epithelial cells and that
this protein could be detected in all chinchilla tissues
tested, including the nasoturbinates and eustachian
tube. In addition, we demonstrated that chinchillas chal-
lenged 4 days prior with 1 X 10% pfu RSV A2 upregu-
lated viperin protein production in every upper airway
tissue evaluated. As RSV infects all of these tissues [31,
32], viperin could be mobilized to defend each of these
sites from RSV.

To begin to address the ability of viperin to protect ep-
ithelial cells from RSV infection, we used an in vitro ap-
proach to transfect HeLa or A549 cells with a plasmid that
contained the cDNA that encoded human viperin. We
subsequently incubated cells with gfp-expressing RSV and
determined the percentage of cells that could be infected.
We demonstrated that the mean percentage of GFP-posi-
tive cells was nearly 20% less when HeLa cells were trans-
fected with viperin and that this value increased to 30%
when evaluated in A549 cells compared to controls. We
speculate that the greater reduction in RSV-infected A549
cells, compared to HeLa cells, may be due in part to the
endogenous expression of viperin in A549 cells, which is
absent in HeLa cells [19]. As HeLa and A549 cells are typ-
ically not transfected at a high efficiency, the decreased
number of infected cells that we observed in both cell
types likely reflects inhibition of RSV in the transfected
cells, which suggests that the ability of viperin to decrease
RSV infectivity is quite efficient. Of note, generation of a
cell line in which all cells were transfected with the over-
expression construct would likely show an even greater
impact on viperin-mediated anti-RSV activity. Although
not addressed here, we speculate that the ability of viperin
to inhibit replication of RSV in epithelial cells could in-
volve disruption of viral assembly through altered lipid
raft organization, similar to what is observed with the vi-
perin inhibition of influenza A virus replication [22].

We expanded our investigation on the ability of viperin
to exhibit anti-RSV activity to further include an in vivo
model of upper airway infection. We found that rAAV se-
rotype 9 was superior to serotypes 5 and 6 for transduc-
tion of the chinchilla airways. The rAAV serotype 5 and 6
receptor is sialic acid [40, 44, 45] while the rA AV serotype
9 binds galactose moieties on the cell surface [39], which
suggests that this sugar is more available for the viral par-
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ticles to bind in the chinchilla airways. Transduction of
the human viperin gene by rAAV serotype 9 resulted in
increased production of viperin compared to controls, as
determined by immunodetection of this protein in upper
airway tissues. Animals that were transduced with rAAV
serotype 9-viperin and challenged with RSV 1 week later
had reduced titers of RSV in NPL fluids at every time
point evaluated (2, 4, and 7 days), with the greatest impact
7 days after viral challenge. This is the first report of vi-
perin protecting the airways against RSV replication.
Recent evidence has demonstrated that viperin is ex-
pressed not only in respiratory epithelium but also in oth-
er cell types such as dendritic cells, macrophages, and
neutrophils [46]. As RSV infection mobilizes all of these
cell types [47-49], viperin is likely not only an effector of
innate immunity operational at mucosal surfaces but also
contributes to the systemic response to RSV. This possi-
bility is supported by the finding that viperin expression
is significantly upregulated in the blood of human volun-

Collectively, our evidence supports the conclusion that
viperin plays an important role in the innate immune de-
fense against RSV and likely limits RSV replication in
many cellular targets. An increased understanding of the
molecular mechanism of the anti-RSV activity mediated
by viperin may enable the development of novel thera-
peutic strategies against this clinically important patho-
gen of the respiratory tract.
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