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genes of mouse hepatitis virus (MHV) are present on a subset
of group II coronaviruses and encode luxury functions (61, 67,
68). Production of the viral mRNAs is controlled by specific
sequence elements located both at the 3⬘ terminus of the viral
leader and at each mRNA body junction site in a process most
carefully dissected in the closely related Arteriviridae (79).
Coronaviruses also encode a number of group- or strain-specific genes, some of which are ultimately translated from functionally bicistronic or tricistronic mRNAs and whose products
have little similarity to other known proteins.
Treatment of coronavirus infection in vitro and in vivo has
proved problematic. Treatments reported in the literature include a wide variety of small molecules and immunomodulators. Some success has been reported for immunomodulatory
treatments designed to indirectly block virus growth through
enhanced virus-specific immunity. Small molecule viral inhibitors including ribavirin have proved to be largely ineffective at
inhibiting coronavirus growth in cell culture and animal models. The only consistently effective inhibitor of coronavirus
infection reported is hygromycin B (HYG), an aminoglycoside
inhibitor of translation in prokaryotic and eukaryotic ribosomes (25), which is not currently approved for therapeutic use
in humans or animals. The specific antiviral effects of HYG are
reportedly due to the increased availability of the drug in the
cytoplasm of infected cells, leading to inhibition of translation
and accelerated destruction of that subset population of cells
(9, 12, 17).
Antisense agents have been used to interfere with the gene
expression of several human viral pathogens, including vesicular stomatitis virus (63), influenza virus (54), respiratory syncytial virus (42), human papillomavirus (2), herpes simplex
virus (7), and human immunodeficiency virus (HIV) (39, 81).
The first antisense compound to receive FDA approval, a
treatment for cytomegalovirus (CMV) retinitis, targets the

Coronaviruses are medically and economically important
pathogens of humans, livestock, and birds. Coronavirus infections cause a wide range of symptoms, including upper respiratory illness, gastroenteritis, myocarditis, nephritis, central
nervous system demyelination, encephalitis, hepatitis, and
peritonitis, and can have a debilitating effect on the host immune system, leading to secondary microbial infection. In humans a coronavirus infection marked by aerosol transmissibility and a high degree of immunopathology-related mortality
has been linked with the outbreak of severe acute respiratory
syndrome (52, 64). Other human coronaviruses cause approximately one-third of all cases of common colds (20, 29, 56).
Coronaviruses have the largest genome among positivestranded RNA viruses and are the largest known replicating
RNA molecules. The coronavirus genome is replicated and
packaged by viral proteins produced from a series of mRNAs
that have identical 5⬘ and 3⬘ terminal regions and that are
transcribed by a discontinuous process (66). All coronaviruses
have the same genomic arrangement of coding sequence for a
basic set of proteins, including a large replicase polyprotein
that is processed by two or three virus-encoded proteinases, a
helicase which is fused to a zinc-binding domain, an attachment and fusion transmembrane glycoprotein believed to be a
class I fusion protein (S), a triple-pass integral membrane
protein thought to organize the viral envelope (M), a short
hydrophobic protein involved in membrane reorganization and
budding (E), and a phosphorylated nucleoprotein that contains
numerous positively charged amino acids (N). The 2A and HE
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Conjugation of a peptide related to the human immunodeficiency virus type 1 Tat represents a novel method
for delivery of antisense morpholino-oligomers. Conjugated and unconjugated oligomers were tested to determine sequence-specific antiviral efficacy against a member of the Coronaviridae, Mouse hepatitis virus (MHV).
Specific antisense activity designed to block translation of the viral replicase polyprotein was first confirmed
by reduction of luciferase expression from a target sequence-containing reporter construct in both cell-free and
transfected cell culture assays. Peptide-conjugated morpholino-oligomers exhibited low toxicity in DBT astrocytoma cells used for culturing MHV. Oligomer administered at micromolar concentrations was delivered to
>80% of cells and inhibited virus titers 10- to 100-fold in a sequence-specific and dose-responsive manner. In
addition, targeted viral protein synthesis, plaque diameter, and cytopathic effect were significantly reduced.
Inhibition of virus infectivity by peptide-conjugated morpholino was comparable to the antiviral activity of the
aminoglycoside hygromycin B used at a concentration fivefold higher than the oligomer. These results suggest
that this composition of antisense compound has therapeutic potential for control of coronavirus infection.
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TABLE 1. PMO, R9F2-PMO, or oligonucleotide sequences

Name

PP
H1
H2
2A
SC
705
FT
MHVL⫺
MHVL⫹

Target or purpose

Over AUG of polyprotein gene
(ORF1a)
Hemagglutinin-esterase gene
internal (ORF2-1)
Hemagglutinin-esterase gene
internal (ORF2-1)
ORF 2a
Scrambled PP control
Human ␤-globin splice
correction control
Nonsense sequence control
(⫺) Sense MHV target linker
(⫹) Sense MHV target linker

Sequence (5⬘–3⬘)

GCCCATCTTTGCCATTATGC
CGAGCTTTATTGCCCATCCATC
CAGCATGTTTAGATTATGCC
GACATTTACTAGGCTATCG
GCACTCTCTGTCTCATAGTC
CCTCTTACCTCAGTTACA
CTCCCTCATGGTGGCAGTTGA
CTAGAGCAGCCCACCCATAGGTTGCATAATGGCAAAGATGGGCAAATACGG
TCGACCGTATTTGCCCATCTTTGCCATTATGCAACCTATGGG0GGGCTGCT

utilized an arginine-rich “Tat-like” peptide, tested a number of
peptide-conjugated or unconjugated PMO for antiviral effects
against a model coronavirus, MHV, in cell culture and cell-free
systems and compared the observed effects with the antiviral
effects of HYG.
MATERIALS AND METHODS
Cells and viruses. Murine astrocytoma DBT were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS),
0.01 M HEPES, penicillin, and streptomycin or in serum-free medium (VP-SFM;
Invitrogen) supplemented with L-glutamine, penicillin, and streptomycin. Serumfree culture conditions were used for all experiments in this report except where
stated. Infectious virus in cell culture medium from MHV-A59-infected DBT
cells was titrated by plaque assay and used for all inoculations.
PMO design, synthesis and quality control. PMO were designed to be complementary to the viral (⫹) strand in regions absolutely conserved in all sequenced MHV strains including the beginning of the nonstructural open reading
frame (ORF) 1a polyprotein gene covering two possible initiation codons in
favorable Kozak consensus environments (PP), the initiation codon (H1), and an
internal region (H2) of the hemagglutinin-esterase gene and the initiation codon
of the nonstructural protein 2a gene (2A). A scrambled version of the PP PMO
(SC) and a second PMO with irrelevant sequence (FT) were selected for synthesis (Table 1). Antisense and negative-control PMO sequences were screened
with BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) against murine mRNA sequences in order to preclude unintentional gene-silencing effects. PMO were
synthesized with or without a covalently linked peptide, NH2-RRRRRRRR
RFFC-CONH2, designated R9F2. Additionally, fluoresceinated R9F2-PP PMO
and PP PMO were produced by conjugation of fluorescein to the 3⬘ end of the
PMO. PMO were synthesized at AVI BioPharma Inc. (Corvallis, Oreg.) by a
method described previously (75). The conjugation, purification, and analysis of
R9F2-PMO compounds were similar to the methods described elsewhere (59).
Cell-free PMO assays. The coding sequence for firefly luciferase was subcloned into the multiple cloning site of plasmid pCi-Neo (Promega) at the SalI
and NotI sites. Subsequently, complementary oligonucleotides MHVL⫹ and
MHVL⫺ were duplexed and subcloned into the NheI and SalI sites. This replaced the start codon of the luciferase gene with sequence-encoding bases ⫺22
to ⫹21 relative to the A of the AUG initiation translation codon of the MHV
polyprotein gene, including the complete ⫺5 to ⫹15 target site for the PP
antisense PMO. RNA was produced from this plasmid (pCNM1luc) after linearization with NotI, using the T7 polymerase-based Megascript kit and protocol
(Ambion). In vitro translations were carried out by using transcribed RNA at a
final concentration in each reaction of 1 nM, with 12 l of nuclease-treated rabbit
reticulocyte lysate (Promega) in addition to PMO, R9F2-PMO, or water. Ten
microliters of the translation reaction mixture was mixed with 50 l of luciferase
assay reagent (Promega) according to the manufacturer’s instructions, and light
emission was read on an FLx800 microplate luminometer (BIO-TEC Instruments). Reactions were assayed for relative light units with the KC Junior
program (BIO-TEC) by using the luminescence function and a sensitivity setting
of 125. Twelve reactions were assayed at one time, including water control
reactions in the first and last wells of each row. The relative light units produced
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IE-2 gene of CMV (51). Two antisense studies using phosphorothioate oligonucleotides alone or complexed with carrier
molecules against bovine and murine coronavirus infection
have been described (1, 26). Each demonstrated a varying
degree of non-sequence-specific antiviral activity at micromolar concentrations, commonly found associated with RNase
H-activating antisense agents, although this was more rigorously tested by Hayashi and coworkers (26).
Phosphorodiamidate morpholino-oligomers (PMO) are a
class of DNA-like antisense agents typically synthesized to a
length of about 20 subunits and contain purine or pyrimidine
bases attached to a backbone composed of six member morpholine rings joined by phosphorodiamidate intersubunit linkages (75). They are uncharged, water soluble, and nuclease
resistant (28). PMO bind to mRNA by Watson-Crick base
pairing and prevent translation by steric blocking (23, 75).
When duplexed to RNA, they do not form a substrate for
RNase H (72). Regions of eukaryotic mRNA sequence that
are likely to be effective targets for PMO antisense agents can
be predicted with relative ease and usually involve either premRNA splice sites or the region comprising the 5⬘-untranslated region, the AUG translational start codon, and the first
20 or so bases of protein coding sequence (24, 74, 77). PMO
treatment has resulted in efficacious and specific reduction of
target protein levels in a number of tissue culture (40, 43, 45)
and in vivo systems (6, 31, 58). PMO have been demonstrated
to inhibit translation of hepatitis C virus RNA (32, 53), and
studies with two calicivirus strains demonstrated a ⬎80 percent
reduction of viral titers in tissue culture (73). In vivo preclinical
studies with antisense PMO have demonstrated inhibition of
gene expression in rat liver (5) and in the coronary blood
vessels of rabbit (37) and pig (38). Further, these studies have
established PMO as essentially nontoxic agents with favorable
pharmacokinetic properties that remain undegraded following
intravenous or oral administration in rats (5). A number of
studies have confirmed the ability of PMO to effectively and
specifically reduce the translation of target mRNA in vivo via
intravenous, intraperitoneal, or transdermal administration
(30).
Conjugation of short positively charged peptides resembling
a putative protein translocation domain of the HIV type 1 Tat
protein was recently shown to increase the efficacy of PMO
against specific targets in cell culture systems when compared
to PMO without peptide conjugate (57). We have therefore
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formaldehyde in phosphate-buffered saline; agarose plugs were removed, and
cells were stained with 0.1% crystal violet.
Plaque size reduction assay. A modification of a previously described antibody-mediated coronavirus plaque size reduction assay was used (15). DBT cells
in 12-well plates were prepared as before and were pretreated with 0.3 ml of
VP-SFM containing the desired concentration of the antibiotic HYG or R9F2PMO for 16 h. Cells were inoculated as before, overlaid with 0.7% agarose in
VP-SFM, and incubated at 37°C with 5% CO2 for 2 days. Cells were fixed and
stained as before, and the plaque diameter was measured to the nearest 0.5 mm
by using a ruler on a lightbox. Minimal and maximal diameters were averaged for
noncircular plaques. Plaques in 8 or 16 replicate wells per treatment were
measured. The presence of typical MHV cytopathic effects within a plaque was
used to confirm identification of small or indistinct plaques.
Syncytium inhibition assay. DBT cells were seeded in 25-cm2 flasks, pretreated, and inoculated as before. Infection was allowed to proceed for 24 h
before medium was removed, and cells were fixed and stained as before.
Multinucleate cells, including virus-induced syncytia, were observed and photographed as described above. Rare multinucleate cells are typically present in
DBT culture; thus, relative frequency rather than presence of multinucleate cells
discriminates MHV-induced cytopathic effects. All multinucleate cells falling
within a 4-mm2 window were counted manually for each flask. Statistical significance of differences between syncytium formation after control or antiviral
PMO was tested by using a two-sample t test in Instat 3.0 (Graphpad).
Western blotting. DBT cells that had been pretreated for 16 h with R9F2PMO were inoculated with MHV-A59 at a multiplicity of 0.1 PFU/ml or were
mock inoculated with saline. Cell lysates were prepared 24 h after inoculation by
mechanical scraping in 1.5% sodium dodecyl sulfate lysis buffer (also containing
62.5 mM Tris, 10% glycerol, and 0.01% bromophenol blue) and immediate
storage at ⫺80°C. Concentration of lysates was normalized for actin content by
denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed
by Western blotting using actin antibody AC-10 (Sigma) and protocols from
Santa Cruz Biotechnology (Santa Cruz, Calif.). Antibody complexes were detected by using a horseradish peroxidase-labeled immunoglobulin G secondary
antibody (Santa Cruz) with the ECL western blotting detection kit and protocol
(Amersham Bioscience). A duplicate blot was prepared as above and probed
with ascites fluid to detect the nucleoprotein of MHV (5b188.2; reactive component, murine immunoglobulin G2a [76]). Densitometric analysis of the Western immunoblot was performed by using Kodak ds 1D (v. 3.5.0) image analysis
software (Eastman Kodak Company, New Haven, Conn.). Briefly, the autoradiograph was scanned into the computer by using the HP PrecisionScan LTX
software and an HP Scan Jet 3400C scanner (Hewlett Packard, Palo Alto, Calif.).
This jpeg file was imported into the Kodak ds ID program. Region-of-interest
boxes of equal dimensions were subsequently drawn around each band of interest. The software then computed the net intensity of each box, subtracted out the
background intensity, and reported the values in relative arbitrary units.

RESULTS
Cell-free translation assay. The effects of various PMO on
translation of RNA in vitro transcribed from a plasmid containing bases ⫺22 to ⫹21 of MHV ORF 1a fused directly
upstream of the coding region for firefly luciferase were measured by in vitro translation reactions in rabbit reticulocyte
lysate. In four replicate experiments with one to three samples
per treatment condition, it was found that PP PMO was considerably more active in repressing target protein production
than noncomplementary PMO controls (Fig. 1A). The R9F2
conjugate was found to increase the effectiveness of antisense
PMO sevenfold, based on the concentration required to
achieve 50% inhibition of target expression. R9F2 PP PMO
was ⬎10-fold more effective at reducing luciferase expression
than its base order-scrambled counterpart R9F2 SC PMO.
PMO delivery to cultured cells. Results recently published
demonstrate that PMO efficacy in cell culture and cell-free
systems could be increased by conjugation of an arginine-rich
peptide to the 5⬘ terminus of the PMO (57). R9F2-PMO-Fl or
PMO-Fl were tested for uptake and antiviral effects in cells
permissive for MHV growth. Cells were rinsed extensively to

Downloaded from http://jvi.asm.org/ on March 7, 2015 by guest

by each reaction was normalized to the mean of all control reactions and expressed as percent inhibition of luciferase translation.
Luciferase assay in cell culture. Confluent DBT cells were transiently transfected with pCNM1luc by using Lipofectamine (Gibco BRL) according to the
manufacturer’s directions. The cells were trypsinized 24 h later and 8 ⫻ 105
cells/well were plated in six-well plates. The cells were allowed to adhere overnight and were scrape loaded (22) with water or PMO at different concentrations
or treated with water or R9F2-PMO. Briefly, cells were treated in a minimal
volume of saline or drug-containing saline and then mechanically removed from
the culture surface by a consistent number of passes with a tissue culture cell
scraper. Cells were then allowed to readhere in culture medium. Cell lysates were
prepared and normalized for protein content 18 h later, and luciferase activity
was determined as above. The number of relative light units produced by a cell
lysate was normalized to the mean of three control reactions and expressed as
percent inhibition of luciferase expression.
R9F2-PMO were tested for nonspecific activity in a standard assay based on
splice site correction of a missplicing form of human ␤-globin intron 2 (70).
Briefly, the intron was cloned upstream of a luciferase reporter gene designed so
that missplicing would result in out-of-frame read-through of the luciferase gene.
DBT cells were transfected with target plasmid and treated with PMO or mock
treated as above. Cells were lysed 18 h after treatment, and the number of
relative light units was recorded.
Microscopy. DBT cells which had been treated with R9F2-PMO or scrape
loaded with unconjugated PMO were rinsed three times with saline and visualized in culture flasks by using a Zeiss Axiovert 200 inverted microscope. Digital
images were recorded by using an AxioCam HRc camera and AxioVision 3.1
software. Images of crystal violet-stained cells and syncytia were visualized on a
Nikon Diaphot microscope under phase-contrast illumination and recorded on
Kodak Ektachrome P1600 35-mm slide film with a Nikon N2000 camera. Developed slide images were digitized by using an Olympus ES-10S film scanner,
and digital images were cropped and labeled in Adobe Photoshop 5.0.
Flow cytometry. Cells were treated for 6 h with R9F2-PMO conjugated at the
3⬘ end to fluorescein (Fl) and then rinsed five times with saline and removed
from culture flasks by using trypsin-EDTA solution (Invitrogen). Cells were
pelleted by brief centrifugation at 1,000 rpm in a Heraeus Megafuge 1.10R
centrifuge and resuspended in phosphate-buffered saline. Cells were analyzed for
green fluorescence by use of a Becton Dickinson FACScan with CellQuest 3.1f
software. The cell population to be analyzed was gated for forward and side
scatter to include ⬎98% of healthy, untreated DBT cells, and the Fl-1 fluorescence gate was set to exclude ⬎98% of untreated cells.
Toxicity. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assays were used to measure cell viability of PMO or R9F2-PMO-treated cells.
DBT cells were cultured in DMEM with 10% FBS (supplemented with Pen/
Strep) or cultured in VP-SFM without serum. Cells were treated with specified
concentrations of test substance in a total volume of 2 ml and plated at a density
of 90% confluence. After 24 h of treatment with PMO, R9F2-PMO, or water, 200
l of 5-mg/ml MTT (Sigma) was added to each well in a six-well plate. Cells were
incubated at 37°C when, at 40 min, blue coloration appeared in the majority of
cells. The medium was then aspirated and replaced with 1 ml of dimethyl
sulfoxide to solubilize the cells. A 200-l aliquot of this mixture was transferred
to a 96-well plate, and the absorbance was read at 540 nm in a Molecular Devices
plate reader and analyzed by the SOFTmax program. PMO toxicity and effects
on cell growth were also assessed by measuring growth of DBT cells incubated
with cell culture medium alone or medium containing various concentrations of
R9F2-PMO for up to 36 h. Trypan blue-excluding cells were counted from 6 to
10 replicate flasks at each time point by using a Neubauer hemacytometer.
Virus growth inhibition assay. DBT cells were seeded at a density of 106 cells
per 25-cm2 tissue culture flask and allowed to adhere overnight at 37°C and 5%
CO2. Cells were pretreated with 1 ml of VP-SFM or serum-containing DMEM
containing various concentrations of R9F2-PMO for 16 h. Cells were inoculated
at a multiplicity of 0.1 PFU/cell by removing culture medium and replacing it
with 1 ml of culture medium containing 3 ⫻ 105 PFU of MHV-A59, and then
they were placed at 37°C for 1 h. The inoculum was removed and replaced with
fresh VP-SFM, or with serum-containing DMEM where indicated. Cell culture
medium was collected, stored, and replaced with fresh medium at designated
time points.
Plaque assay. DBT cells were seeded in 12-well tissue culture plates at 4 ⫻ 105
cells per well and allowed to adhere overnight at 37°C, 5% CO2. Culture medium
was removed and replaced with 0.5 ml of serial dilutions of inoculum in culture
medium, which was placed at 37°C for 1 h. Inocula were left in place, and cells
were overlaid with 0.7% agarose (Doc Frugal) in 1⫻ DMEM with 2% serum
(final) and incubated at 37°C with 5% CO2 for 2 days. Cells were fixed with 25%
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remove loosely associated or unassociated PMO. DBT cells
scrape loaded with PMO-Fl or incubated for 6 h with R9F2PMO-Fl displayed punctate green fluorescent labeling (Fig.
1B). Cells took up variable amounts of PMO and formed two
populations on flow cytometric analysis (Fig. 1C). The highfluorescence population corresponded approximately to the
percentage of cells with visible PMO staining. Compartmental
localization of PMO was not tested, although previous reports
indicate that conjugated (57) and unconjugated (22) PMO
have some degree of access to the cytoplasm. When the same
cells were analyzed by flow cytometry, results from triplicate
samples in two independent experiments demonstrated that 80
to 95% of cells treated with R9F2-PMO-Fl and 40 to 90% of
cells scrape loaded with PMO-Fl showed more-intense output
on the FL-1 channel than 98% of untreated control cells.
Independent tests, however, indicated that the in vitro effectiveness of PMO was reduced by approximately 15 to 30% over
nonfluoresceinated controls in a standard splice correction as-

say (H. Moulton, unpublished data), so R9F2-PMO-Fl and
PMO-Fl were not pursued for further experiments.
R9F2-PMO toxicity in DBT cells. PMO have been reported
to have low toxicity both in vitro and in vivo (31). In order to
test the R9F2-PMO compounds for toxicity, DBT astrocytoma
cells were subjected to the MTT assay, which provides a spectrographic readout of cell viability, in standard cell culture
medium and commercially available serum-free culture medium. Cells showed a low toxicity in response to 10 M
R9F2-PP PMO or R9F2-SC PMO but were more sensitive to
a 20 M concentration of either compound (Fig. 2A and B).
In order to measure the effects of R9F2-PMO on growth,
cells were treated with 10 to 20 M R9F2-PP PMO or
R9F2-SC PMO and replicate flasks were counted at various
time points to construct a cell growth curve. In three experiments using 3 to 10 replicate samples each, no significant
difference between the growth of treated and untreated cells
was observed (data not shown). Cells incubated with virus and

FIG. 2. Cytotoxicity of the R9F2-PP PMO (A) and R9F2-SC PMO (B) was tested by MTT assay at 10 M (left bar of each pair) or 20 M
(right bar of pair) concentration. The means of three experiments with standard errors are shown. Cells transfected with a plasmid containing a
MHV target gene-luciferase fusion were assayed for inhibition of luciferase expression after treatment with R9F2-PMO (C). DBT cells transfected
with a plasmid containing a missplicing luciferase reporter gene were assayed in a splice correction assay after treatment in cell culture medium
containing R9F2-PMO (D). Relative light units produced from translated luciferase in each monolayer are shown. The dotted line represents the
mean of nine controls treated with medium alone. Error bars (C and D) represent the standard errors of the means of three replicates.
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FIG. 1. PMO and R9F2-PMO, targeting the MHV polyprotein gene translation initiation codon region, and scrambled control R9F2-PMO
were assayed for inhibition of luciferase expression from a chimeric plasmid containing the luciferase gene fused in frame with a 43-base region
spanning the MHV polyprotein gene translation initiation codon. The relative percent inhibition by each PMO or R9F2-PMO in one experiment
representative of three is shown (A). DBT cells treated with R9F2-PMO-Fl or PMO-Fl were rinsed thoroughly and photographed under mercury
vapor illumination to visualize punctate cell-associated fluorescein (B). Fluorescent cells are indicated with black and white arrowheads,
respectively, in the phase-contrast and fluorescent image pairs. Fluorescein-positive cells were counted by FACScan. One representative scan from
three replicates showing untreated and R9F2-PP PMO-Fl-treated cells is shown (C).
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R9F2-PP PMO proliferated to a greater extent than cells inoculated with virus alone (P ⬍ 0.05 by Student’s t test; n ⫽ 10).
However, when cells were incubated with R9F2-PMO in the
absence of virus for periods of up to 72 h, concentrationdependent thinning of cells was visible after treatment at 20
M but not 10 M R9F2-PP PMO or R9F2-SC PMO (data
not shown). The R9F2-FT PMO showed no apparent toxicity
at a 20 M concentration over the same period.
Effects on artificial targets in cells. The pCNM1luc construct was transiently transfected into DBT cells in order to
determine PMO effectiveness against an antisense target in cell
culture. R9F2-PP-PMO showed 50% inhibition of luciferase
expression at concentrations between 10 and 20 M, and
scrambled or irrelevant R9F2-PMO controls showed only
background levels of inhibition (Fig. 2C). A positive function
test was also performed to test for nonspecific effects in cultured cells. A standard luciferase-based splice correction assay
was used to assess R9F2-PMO function in a cellular system
other than MHV infection. R9F2-705 PMO-treated DBT cells
showed a dose-dependent increase in luciferase production
relative to R9F2-PP, R9F2-SC PMO-treated or untreated cells
(Fig. 2D). There was a uniform baseline of approximately 150
relative light units in untreated cells that did not vary with
R9F2-SC PMO treatment, demonstrating that non-PMO-sequence-specific alteration of an unrelated cellular function was
below the threshold of detection in this assay.
Syncytium formation assay. Formation of multinucleate syncytia in mouse astrocytoma DBT cells is a common feature of
most murine coronaviruses. Syncytium formation is typically
observed at 12 to 14 h after infection, with a majority of cells
recruited into syncytia by 24 h. In order to test whether DBT

cells could be protected from this highly visible marker of
MHV gene expression, cells pretreated with 5 M, 10 M, or
20 M R9F2-PP PMO, R9F2-SC PMO, or R9F2-FT PMO for
12 h were inoculated with MHV-A59, which encodes a highly
fusogenic spike protein. Minor toxicity was observed with the
PP and SC R9F2-conjugates as measured by a visible decrease
in the number of cells present after treatment. However, syncytium formation was reduced in R9F2-PP PMO-treated cells
in a dose-dependent fashion. Significantly fewer syncytia were
observed for triplicate flasks after treatment with 10 M or 20
M R9F2-PP PMO than for cells treated with either R9F2-SC
PMO or R9F2-FT PMO (Fig. 3A and B). Treatment with 20
M R9F2-PP PMO delayed the appearance of MHV cytopathic effects by about 24 h compared to what was observed
with untreated infected cells.
Quantification of viral protein synthesis. Western blotting
was performed to confirm that the lack of syncytium formation
was due to decreased viral protein expression. Cell lysates were
normalized for actin content by Western blotting, and an identical blot was then probed with antiserum to detect the MHV
nucleoprotein (N). N expression decreased in a dose-dependent fashion after treatment with R9F2-PP PMO to a much
greater extent than what was observed after treatment with
R9F2-SC PMO (Fig. 3C). Densitometry analysis indicated that
the reduction in expression associated with 10 and 20 M
R9F2-PP PMO corresponded to decreases of 21 and 98%,
respectively, in N protein expression, while 20 M nonsense
PMO decreased expression by only 6%.
Reduction of virus growth. Some preliminary studies in DBT
cells showed significant reduction of viral titer with the PP
PMO delivered by scrape loading, although these results were
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FIG. 3. MHV-infected or mock-infected DBT cells treated with R9F2-PMO or water were fixed and stained with crystal violet 24 h after
inoculation (A). Multinucleate syncytia were observed and quantified within three randomly placed 4-mm2 windows per flask of three replicates.
The number of multinucleate cells per square millimiter is shown for each treatment type and concentration, with error bars representing the
standard errors of the means (B). None, cells were inoculated with MHV in the absence of R9F2-PMO treatment; Uninfected, cells were mock
inoculated and not treated with R9F2-PMO. (C) Western blot probed with anti-␤-actin or anti-MHV N antibody on samples from treated and
untreated MHV-infected or mock-infected cells with loading normalized with respect to actin content. Standard molecular weight markers show
that each of the proteins detected corresponds to the expected size of murine ␤-actin (43 kDa) or MHV N (50 kDa).
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not consistent in all experiments. MHV grew to similar titers in
serum-free and serum-containing cultures. No apparent inhibition with other anti-MHV or control PMO was detected;
therefore, the only antiviral PMO selected for further study
and conjugation to the R9F2 peptide was the anti-AUG sequence PP.
In our hands, with this set of cell culture conditions, the
efficacy of PP-R9F2 depended on the absence of serum in the
culture medium. Medium containing 10% serum reduced sequence-specific effects to background levels that were identical
to those of controls. It was suspected that the highly charged
peptide R9F2 might mediate attachment to serum proteins,
thus delaying or blocking cellular entry of the PMO. In order
to test whether the effects of serum-containing medium were
limited to the uptake period, serum-free medium was used for
incubations and then replaced by serum-containing medium at
different time points. The presence of serum was found to
affect R9F2-PP PMO efficacy only during a minimal incubation
period. Readdition of serum-containing medium after 3 h but
not 6 h of incubation prevented specific antiviral effects of
R9F2-PP PMO, indicating that 3 h was insufficient for adequate drug uptake (Fig. 4, left panel). Only nonspecific effects,
presumably related to mild toxicity, were present in antisensetreated, serum-pulsed cells. Cells maintained in the absence of
serum did not display nonspecific PMO-related antiviral activity. The DBT cells were less viable in serum-free medium by
MTT assay, and the stress of serum removal appeared to mask
the low-level toxic effects associated with R9F2-SC PMO treatment. When the incubation of R9F2-PP PMO was performed
in serum protein-free medium in four independent experiments with three replicate flasks of cells for each treatment,
the result was a consistent 10- to 100-fold inhibition of viral
growth (Fig. 4, middle and right panels). Time course experiments revealed the inhibition of MHV growth reflected a delay
in viral kinetics by about 24 h. Forty-eight-hour titers from
R9F2-PP PMO-treated cells were equivalent to 24 h titers in
untreated or R9F2-SC PMO-treated cells. Specific antiviral

effects remained between 10 and 100-fold for 20 M R9F2-PP
PMO in cells inoculated at a multiplicity of 0.01 to 10 PFU/cell
(data not shown).
Effects on MHV spread. A plaque size reduction assay was
performed to assess the effects on MHV spread and to determine the contribution in these assays of potential inhibition of
virus entry mentioned in a previous publication (73). This assay
assesses the long-term effects on MHV growth and spread in
cell culture after a single treatment. Cell-to-cell spread of
MHV, unlike viral entry, does not require the presence of a
specific MHV receptor on the target cell (21). Treatment of
DBT cells with HYG during MHV-A59 plaque assay reduced
plaque diameter by a maximum of approximately twofold when
HYG concentration was 50 M or greater, and cells displayed
evidence of HYG toxicity with HYG concentration of 100 M
and higher. Plaque size on cells treated with R9F2-SC PMO
did not differ significantly from untreated controls, and the
plaques on R9F2-PP PMO-treated cells were significantly
smaller than the plaques on cells treated with equimolar HYG
or R9F2-SC PMO (by Student’s t test; P ⬍ 0.01). In two
determinations with 12 replicate wells, R9F2-PP PMO treatment at 10 M concentration reduced plaque size approximately twofold, indicating that the antiviral effects of R9F2-PP
PMO were approximately fivefold more potent than the effects
of HYG treatment (Fig. 5). The correspondence between effects on MHV spread, growth, protein production, and onset
of cytopathic effects indicated that possible inhibition of MHV
binding made a negligible contribution to antiviral effects.
DISCUSSION
The literature describes many attempts to control coronavirus infection with pharmaceuticals. Attempts which have been
most successful include immunotherapy with various combinations of interferon (14, 19, 60) or with neutralizing antibodies
or antibody fragments (41, 62). Limited data indicate mixed
anticoronaviral activity for nucleoside analogs including riba-
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FIG. 4. Three MHV growth experiments in which serum-free culture medium was substituted for serum-containing culture medium at different
points during incubation of R9F2-PMO with DBT cells or virus growth period were performed. Cells were treated in 1 ml of VP-SFM, and then
10 ml of serum-containing medium was added after 3 h (left panel) or 6 h (middle panel). One treatment group received 10 ml of VP-SFM after
inoculation (right panel). Results are presented for a minimum of three replicate flasks per treatment, and cells were inoculated with MHV after
6 h of R9F2-PMO treatment. Infectious MHV present in culture supernatant recovered 18 h after inoculation was titrated by plaque assay. Mean
titers in PFU per milliliter are shown with error bars corresponding to the standard errors of the means. An MHV growth experiment was
performed with incubation in the absence of serum. Results shown are mean values of three replicate flasks in one of four independent assays, with
standard errors indicated by error bars.
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virin (11, 16, 18, 35, 44, 59, 71, 78, 82) and an assortment of
other small molecules (8, 10, 13, 55, 69, 80). Corticosteroid
treatment has proved generally ineffective against coronaviruses (3, 4). One study demonstrated an antiviral ribozyme that
could be generated in situ for control of persistent or acute
murine coronavirus infection in cell culture (50). Likewise,
phosphorothioate antisense oligomers, while somewhat effective in cell culture (1, 26), are subject to degradation in cells
and are most effective against shorter sequences with inherently lower target specificity due to RNase H promiscuity (74).
Proteinase inhibitors, including EST (E-64d), have been used
to treat coronavirus infection in cell culture (36), but EST was
found to achieve a tenfold reduction in titer at a concentration
of approximately 1,200 M. Treatment with HYG reduced
viral titers in murine (46–49), feline (8), and bovine (33, 34)
coronavirus experimental systems and appears to have the
broadest anticoronaviral activity of the small molecule antivirals tested. However, there exist reports of incomplete inhibition of virus growth and strains of bovine coronavirus apparently not susceptible to HYG-mediated inhibition (33, 34). The
mechanism of resistance to the antiviral effects of HYG was
not elucidated and is difficult to rationalize with the proposed
mechanism of HYG specificity for virus-infected cells.
In this study, an antisense strategy was designed to knock
down translation of the ORF 1ab replicase polyprotein from
the positive-sense viral genome. Coronaviruses do not package
a viral polymerase complex; the genomic RNA is translated
immediately to produce the ORF 1ab replicase polyprotein.
Secondary antiviral effects that might accompany decreased
replicase production are loss of replication intermediates (65)
and prevention of the downregulation of host gene expression

(27). The approach described here was moderately successful,
resulting in an approximately 1-log reduction of viral titer
when compared with negative controls. One inherent drawback of the targeting strategy used is due to the nature of
coronavirus genome replication. Like other positively stranded
RNA viruses, coronaviruses produce a low number of negative-strand genome replicates from an original positive strand,
and these negative transcripts in turn serve as templates for the
production of a relatively high number of positive-strand genome progeny. Should the original positive-sense genome particles escape PMO duplexing and become converted into negative-sense RNA templates, the remaining PMO may be
challenged by an amount of positive-sense genome-length
RNA far greater than that present from the initial infection.
The development and characterization of potentially drug-resistant MHV that may be formed through nonlethal mutation
in the ORF 1a AUG region or elsewhere will require further
experimentation.
The R9F2 peptide enhanced delivery of PMO in the cell
culture systems tested. The mechanism of action of the R9F2
peptide is unclear and merits further study. Antiviral effects of
PMO, which were increased upon conjugation with R9F2, indicate that at least a portion of the R9F2-PMO passing
through the cell had access to the cytoplasm. PMO directed
against the 2A and HE genes of MHV-A59 were expected to
bind the genomic RNA and would be expected to have antiviral effects through inhibition of replicase processing. Lack of
effect may indicate that the MHV helicase is sufficiently robust
to dislodge bound PMO. It would be interesting to learn if
these apparently ineffective PMO sequences are conferred detectable antiviral function on conjugation to the cell culture
delivery and activity-enhancing R9F2 peptide.
That R9F2-PMO was ineffective in the presence of culture
medium containing 10% FBS raises a question about the utility
of intravenous or orally administered R9F2-conjugated PMO
in vivo. Various experiments with rats, showing that PMO can
decrease target gene expression in the liver after topical or
intraperitoneal application, indicate that the R9F2 is not necessarily required for systemic PMO function. Thus, we view the
peptide conjugate as a developmental tool to increase uptake
in cell culture that may be dispensable in vivo. Further experimentation will be required to address efficacy of morpholinobased antisense drugs against coronaviruses in an animal
model. Peptide conjugation did not result in antiviral function
of the nonsense sequence FT PMO, indicating that the peptide-conjugate itself does not cause but instead enhances antisense activity in cell culture and cell-free translation systems.
The SC PMO displayed mild toxicity and limited antiviral effects, both of which appeared also to be enhanced by addition
of R9F2 conjugate. The mechanism of low-level nonspecific
activity associated with the SC sequence could not be ascertained from these data.
The increased antiviral effects of the PP antisense PMO over
antiviral aminoglycoside treatment, together with other qualities including the rapid, complete sequence customization possible, make PMO an attractive candidate for control of coronavirus infection. The key to the effectiveness of PMO as
therapeutics would be predicted to reside at the level of target
selection and delivery, since this class of compound has proven
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FIG. 5. Comparison of HYG and PP-P003. MHV was titrated by
plaque assay on DBT cells with R9F2-PMO present in the indicated
concentrations in the agarose–VP-SFM overlay. The average plaque
diameter, measured to the nearest 0.5 mm ⫾ standard error, is shown
for each treatment group (top). Results and a selection of plaques
(bottom) from 10 M concentration treatment groups of one experiment representative of two are shown. MHV plaques are visible as
large or small holes in the DBT monolayer that has been degraded to
some extent by 72-h incubation with R9F2-PMO or HYG.
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its potential for precise, sequence-specific down-regulation of
target gene expression in numerous experimental systems.
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