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Foot-and-mouth disease (FMD) is a highly contagious viral disease of cloven-hoofed ungulates that can lead
to severe losses in the livestock production and export industries. Although vaccines have been extensively used
to control FMD, there is no antiviral therapy available to treat ongoing infections with FMD virus (FMDYV).
Six peptide-conjugated morpholino oligomers (PPMOs) with sequences complementary to various 21-nucleo-
tide segments of the 5’ and 3’ untranslated regions (UTRs) of the FMDV genome (strain A,, Cruzeiro/Brazil/
1955 [A,,Cru]) were evaluated in cell cultures. Three of the PPMOs, targeting domain 5 of the internal
ribosome entry site (SD PPMO), and the two translation start codon regions (AUG1 and AUG2 PPMOs),
showed high levels of anti-FMDYV activity. A dose-dependent and sequence-specific reduction in viral titers of
greater than 5 log,,, with a concomitant reduction of viral protein and RNA expression, was achieved at low
micromolar concentrations. Under identical conditions, three other PPMOs targeting the 5'-terminal region of
the genome, the cis-acting replication element in the 5" UTR, and the 3’ “ab” stem-loop showed less dramatic
titer reductions of 1.5 log,, to 2 log,,. Treatment with 5D PPMO reduced the titers of FMDV strains
representing five different serotypes by 2 log,, to 4 log,, compared to those of the controls. A,,Cru-infected
BHK-21 cells treated repeatedly with 5D or AUG2 PPMO generated resistant viruses for which phenotypic and
genotypic properties were defined. Notably, three passages with low concentrations of the AUG1 PPMO
extinguished all traces of detectable virus. The results indicate that PPMOs have potential for treating FMDV

infections and that they also represent useful tools for studying picornaviral translation and evolution.

Foot-and-mouth disease (FMD) is a highly contagious dis-
ease caused by the FMD virus (FMDYV) that affects cloven-
hoofed ungulates. FMD can be transmitted directly by contact
between infected and uninfected animals or indirectly through
people, contaminated fomites, or aerosol and can spread rap-
idly among susceptible animals. The host range of FMDV
includes domestic animals such as cattle, swine, sheep, and
goats and more than 30 species of wild ruminants. Although
mortality associated with FMD is usually low, the disease de-
creases livestock productivity, and affected countries cannot
participate in international trade of animals or animal prod-
ucts. FMDV is the first disease for which the Office Interna-
tional des Epizooties (now World Organisation for Animal
Health, OIE) established an official list of pathogen-free zones
and countries. In the last decade, costly FMD outbreaks have
occurred in Europe (United Kingdom and The Netherlands,
2001), Asia (India and Philippines, 1996; Taiwan, 1997; Korea,
2000 and 2002), South Africa (1999 and 2000), and South
America (Brazil and Argentina, 2001), resulting in the slaugh-
ter of a large number of animals as well as implementation of
quarantine and decontamination procedures (38), with associ-
ated socioeconomic ramifications.

FMDYV belongs to the Picornaviridae family and is the pro-
totype species of the genus Aphthovirus. Seven distinct FMDV
serotypes have been identified worldwide (A, C, O, SATI,
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SAT2, SAT3, and Asial), with multiple subtypes within each
serotype. As there is no cross-protection between serotypes, an
animal which has been infected with or vaccinated against a
virus of one serotype will not be protected against viruses from
other serotypes (reviewed in reference 4). Vaccination with
vaccines consisting of chemically inactivated whole virus is the
primary method of control and eradication used in regions
where FMD is endemic. However, vaccination does not protect
an individual animal until at least 7 days after administration
(15), presenting a practical problem in the event of an out-
break. It is widely agreed that an effective therapeutic agent
useful for intervention early in the course of FMD infection of
an individual or a herd would be a welcome development.

FMDYV possesses a positive-sense, single-stranded RNA ge-
nome that contains a single long open reading frame encoding
a polypeptide, the polyprotein, flanked by two untranslated
regions (UTRs). The 5" UTR is long, over 1,000 nucleotides
(nt), and contains, from 5’ to 3’, a large stem-loop (S frag-
ment), a poly(C) tract, three (or four) repeated pseudoknots, a
stem-loop cis-acting replication element (cre), and a type II
internal ribosome entry site (IRES) which is involved in cap-
independent translation initiation of the viral polyprotein. Ei-
ther of two AUG start codons may be used for translation
initiation of the viral RNA, although the second (AUG?2),
which is located about 80 nt downstream of AUGI, has been
shown to be preferentially utilized (6). The 3" UTR is short,
under 100 nt, but thought to contain cis-acting elements re-
quired for efficient genome replication (2).

At least three different nucleic-acid based strategies to in-
tervene in FMDYV infections have been described. Sense and
antisense RNAs (3, 17, 18, 34), antisense DNA (18), and small
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TABLE 1. PPMO sequences and target locations in the FMDV genome”

Location of PPMO

PPMO PPMO sequence (5'-3") target sequence in PPMO target region in FMDV
FMDV A,,Cru?
5+ AACCCTAGCGCCCCCTTTCAA 1-21 5" Terminus of genome
CRE CTTAGATCGTGTTTGTACAAG 569-589 cis-Acting replication element in 5 UTR
5D TTAAAAGAAAGGTGCCGGCCT 1015-1035 Domain 5 of the IRES
AUGI1 GTGTTCATAAGTCCAGTGTAA 1036-1056 First AUG of polyprotein gene
AUG2 GAATTCCATCCTTCCTGTGGC 1121-1142 Second AUG of polyprotein gene
3'SL ACTCCTACGGCGTCGCGCGCC 8085-8105 Near end of 3’ UTR
AUG2scr CTCAGCTGTCGTCAGTCTACT AUG?2 scrambled sequence control
DSscr AGTCTCGACTTGCTACCTCA Nonsense sequence control

“ GenBank accession number AY593768.

interfering RNA (8, 10, 19) have generated various levels of
antiviral activity. All of these strategies apparently function by
interfering with expression of the viral RNA genome. Phos-
phorodiamidate morpholino oligomers (PMOs) are a single-
stranded-DNA-like antisense structural type containing purine
or pyrimidine bases attached to a backbone composed of six-
member morpholine rings joined by phosphorodiamidate in-
tersubunit linkages (37). PMOs are water soluble and nuclease
resistant and are typically synthesized to about 20 to 25 sub-
units in length. They duplex with RNA by Watson-Crick base
pairing and can interfere with gene expression by sterically
blocking cRNA sequence (36). It has been demonstrated that
PMO efficacy in a cell-free system (27), in cell cultures (24, 26),
and in vivo (13) can be increased considerably by conjugation
of arginine-rich peptides to the PMO 5’ terminus (creating
peptide-conjugated PMOs [PPMOs]). PPMOs have demon-
strated effective and specific suppression of several RNA vi-
ruses in cell cultures (9, 13, 14, 20, 28, 40) and against Ebola
virus (13) and mouse hepatitis virus (5), both in cell cultures
and in vivo. Recently, Yuan et al. (42) found that a PPMO
designed against IRES sequence reduced coxsackievirus B3
production in cell cultures and in the heart tissues of infected
mice.

This study evaluated the efficacy and specificity of PPMOs in
inhibiting the productive replication of FMDV in BHK-21
cells. Six PPMOs were designed to duplex with sequence ele-
ments thought to be important in viral RNA synthesis and
translation initiation. Three of the PPMOs, targeting se-
quences in the 3’ portion of the IRES and the two AUG
translation initiation regions, produced potent antiviral activi-
ties. One of these PPMOs (targeting the IRES) was highly
active against multiple FMDV serotypes. Serial exposure of
cells to a low concentration of the PPMO directed against the
AUGTI region was able to eliminate all traces of the virus.

MATERIALS AND METHODS

Viruses and cell line. FMDV type A, strains 119ab (GenBank accession
number L11360), A,, Cruzeiro/Brazil/1955 (A,,Cru, GenBank accession number
AY593768), and SAT-2/Zim/7/83 were derived from infectious cDNA clones
pRMC35 (31), pA,,Cru (32), and pSAT-2 (41), respectively. FMDYV isolates O1
Campos (GenBank accession number AJ320488), O/Taiwan/2/99 (O1 Taiwan,
GenBank accession number AJ539136), C3 Resende (GenBank accession num-
ber AY593807), Asial-1pak 54 (GenBank accession number AY593795), and
bovine enterovirus type 1 (BEV-1, GenBank accession number D00214) were
obtained from Marvin Grubman and Peter Mason. SAT1/SAR/9/81 virus
(GenBank accession number AF056511) was provided by Francois Maree
(Onderstepoort Veterinary Institute, Exotic Diseases Division, Onderstepoort,

South Africa). Baby hamster kidney cells of strain 21 and the clone 13 cell line
(BHK-21) were maintained in Eagle’s basal medium (BME; Life Technologies,
Gaithersburg, MD) supplemented with 10% bovine calf serum (HyClone, Logan,
UT), 10% tryptose phosphate broth, and an antibiotic/antimycotic. The cells
were grown at 37°C in a humidified 5% CO, atmosphere.

PPMO design. PMOs were synthesized at AVI BioPharma, Inc., (Corvallis,
OR) by methods previously described (37). All PMOs were covalently conju-
gated at the 5" end to the arginine-rich peptide NH,-RRRRRRRRRFFC-
CONH, (RyF,). The methods used for conjugation, purification, and analysis of
PPMO compounds were similar to those previously described (26). Six PPMOs,
each 21 bases in length, were designed to be complementary to sequences in the
FMDV A,,Cru genome. The exact PPMO sequences are presented in Table 1,
and their relative target locations in the FMDV genome are shown in Fig. 1A.
Two PPMOs with non-FMDV sequences were also prepared to control for
PPMO-induced non-sequence-specific activities. AUG2scr has the same base
composition as PPMO AUG?2, but it is rearranged in random order, and DSscr
is a random sequence with 50% G/C content. All PPMO sequences were
screened by BLAST (NCBI) to detect mammalian mRNA sequences to preclude
unintentional gene-silencing effects.

Cytotoxicity assays. The viability of the cells after PPMO treatment was
determined by using a Vybrant MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] cell proliferation assay kit (Molecular Probes, Inc.,
Eugene, OR) according to the manufacturer’s instructions. Briefly, the MTT
assay was performed on uninfected cell monolayers in 12-mm dishes mock
treated or treated with PPMO at specified concentrations in BME media (Life
Technologies, Grand Island, NY), without serum, for 24 h at 37°C. The cells were
rinsed three times with phosphate-buffered saline (PBS), and 10 wl of MTT stock
solution was added to each well, followed by 3 h of incubation at 37°C. To
dissolve the blue formazan crystals, 50 I of dimethyl sulfoxide was added to each
well, and the optical density was then measured at 570 nm in a BioTek micro-
plate reader. The absorbance values of the PPMO-treated samples were con-
verted to percentages by comparing them to the average value of the mock-
treated samples, which was set at 100% survival. An additional measurement of
toxicity was performed in parallel with the MTT tests by counting trypan blue-
excluding cells with a Neubauer hematocytometer.

Viral growth, inhibition of virus yield, and plaque assays. To assess the effects
of the PPMO on virus replication in BHK-21 cells, monolayers were seeded in
triplicate in 12-well plates with 5 X 10° cells/well in BME supplemented with
10% bovine calf serum and grown to ~90% confluence. Monolayer cells were
rinsed three times with PBS before being treated with specified concentrations of
PPMO diluted in serum-free BME. After being PPMO- or mock-treated (with
BME vehicle) for 3 h, the cells were rinsed and infected with FMDV at a
multiplicity of infection (MOI) of 0.5 PFU/cell (unless otherwise indicated) for
1 h, after which the inoculum was removed and the same concentrations of the
BME/PPMO mixture used during preinfection were added to the cells. After
24 h at 37°C, the plates were frozen for the subsequent determination of virus
titers. For virus growth curves, BHK-21 monolayers were treated with PPMO as
described above and then infected with A,,Cru at an MOI of 5 to 10 PFU/cell.
After 1 h of adsorption at 37°C, the monolayers were rinsed with 25 mM HEPES
(N-2-hydroxyethylpiperazine-NI-2- ethanesulfonic acid) buffer (pH 5.5) and then
twice with PBS, followed by the addition of fresh BME containing no serum
along with PPMO at specified concentrations. At various times postinfection
(p.i.), viral titers were determined by plaque assays (31), using a 1% gum traga-
canth overlay, and the mixture was incubated for 24 h at 37°C. The plates were
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FIG. 1. (A) Schematic representation of the FMDV genome and relative target locations of the PPMOs used in this study. PPMO names are
nonitalicized, and PPMO locations are indicated by lines bordering the FMDV genome. Various FMDV genome regions are boxed and names
are italicized. (B) Alignment of PPMO-targeted sequence regions of FMDV. Sequences from six FMDYV serotypes (A, O, C, Asia, SAT1, and
SAT2) were aligned 5’ to 3’, using Clustal W software. The sequence of WT A,,Cru is included as a reference sequence. Dots indicate conserved
nucleotides. For the GenBank accession numbers of the various strains, see Materials and Methods.

fixed and stained with crystal violet (0.3% in HistoChoice; AMRESCO, Solon,
OH), and the plaques were counted. All assays were performed in triplicate.

Selection of drug-resistant viruses. BHK-21 cells in six-well culture plates
were pretreated with PPMO as described above, the virus inoculum was ad-
sorbed to cells for 1 h at 37°C and then removed, and the cells were rinsed twice
with 25 mM HEPES buffer (pH 5.5) and twice with PBS, followed by the addition
of fresh BME containing no serum and PPMO at specified concentrations. After
3 days, the cultures were frozen and thawed to make lysates. The lysates were
used to infect fresh cell monolayers in culture media containing the specified
concentrations of the appropriate PPMOs. These cultures were then frozen and
thawed after 3 days, and putative drug resistant viruses were isolated after five
cycles of such virus amplification in the presence of PPMO.

Western blot analysis. BHK-21 cell monolayers in six-well plates were incu-
bated for 3 h with 2.5 uM of specific PPMOs, followed by a 1-h infection period
with FMDV A,,Cruz at a MOI of 5 PFU/cell, as described above. Five hours p.i.,
the cells were washed with PBS and lysed with lysis buffer (10 mM Tris-HCI [pH
8.0], 150 mM NaCl, 15 mM MgCl,, 1% NP-40, 1% sodium deoxycholate, and 1
mM phenylmethylsulfonyl fluoride) and incubated on ice for 10 min. After
clarification, the samples were divided for protein or RNA quantification. The
total protein concentrations in the cell extracts were determined by the Coomas-
sie method (Pierce, Rockford, IL) according to the manufacturer’s recommen-
dations. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) was carried out using a 10% NuPAGE precast gel system (Invitrogen,
Carlsbad, CA). Ten micrograms of the total proteins from each sample was
loaded per lane, followed by transfer of the gel to Immobilon-P (polyvinylidene
difluoride) transfer membranes (Millipore, Bedford MA). Viral structural pro-
tein VP3 was detected with FMDV-specific polyclonal rabbit sera (generously
provided by Marvin Grubman) and secondary goat anti-rabbit horseradish per-
oxidase conjugate (Pierce). Cellular tubulin, employed as an internal control
protein, was detected with a monoclonal antibody (tubulin-alpha AB-2; Lab
Vision, Freemont, CA). Binding of the horseradish peroxidase conjugate was
detected with a chemiluminescence reagent system (ECL; Amersham, Piscat-
away, NJ) used according to the manufacturer’s instructions and was visualized
on X-ray film (X-OMAT; Kodak, NY).

FMDYV translation reactions in BHK S10 lysates and radioimmunoprecipita-
tion. A detailed description of S10 BHK-21 extract preparation will be published
elsewhere (E. Rieder). Briefly, translation reactions (20 pl) were performed in
S10 BHK-21 extracts programmed with A,,Cru RNA transcripts prepared as
previously described (30) with [**S]-methionine in the absence or presence of
PPMO, followed by 1 h of incubation at 32°C. 3*S-labeled proteins were then
immunoprecipitated with a rabbit LP™-specific polyclonal antibody (a gift from
M. Grubman, USDA) at a 1:40 dilution, and the precipitated proteins products
were separated by SDS-12% PAGE and visualized by autoradiography.
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RNA isolation, real-time RT-PCR, and sequencing. Total RNA was extracted
from the supernatants of infected cell cultures, using an RNeasy mini kit
(QIAGEN, Valencia, CA), followed by ¢cDNA synthesis using a virus-specific
oligonucleotide primer (P15, 5'-GGCGGCCGCTTTTTTTTTTTTTTT-3") and
a SuperScript IIT first-stand synthesis system for reverse transcriptase (RT)-PCR
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Real-
time PCRs were carried out using AmpliTaq Gold (Applied Biosystems, Foster
City, CA) with the following primers: 5'-TCRRNCACTGGTGACAGGCTAA
G-3' and 5'-CCCCTTCTCAGATCCCGAGT-3' (forward and reverse primers,
respectively). For standard PCRs, a Tag DNA polymerase provided with an
Advantage 2 PCR enzyme system (Clontech, Palo Alto, CA) was used, and the
amplicons were purified by a StrataPrep PCR purification kit (Stratagene). A
TaqMan probe (ATGCCCTTCAGGTACC) labeled with fluorescent dye was
used to detect the amplicons with an ABI PRISM 7700 detection system. The
amplicons were sequenced using gene-specific primers, BigDye terminator cycle
sequencing kits (Applied Biosystems, Foster City, CA), and a PRISM 3700
automated sequencer (Applied Biosystems). The primers and probes were de-
signed by using Primer Express software (Applied Biosystems, Foster City, CA).
18S rRNA was used as an internal standard control with primers and probes
from TagMan rRNA control reagent kits (Applied Biosystems, Foster City, CA).
Relative RNA quantities were calculated by using the threshold cycle (AACy)
RNA measurement method (ABI user bulletin number 2, Applied Biosystems),
normalized against that of 18S rRNA and calibrated against those of the mock-
treated uninfected control samples.

Software. Multiple sequence alignments of FMDV were performed with
CLUSTALW 1.7 (39). Analyses of the PPMO sequence design in relation to that
of FMDV were done with EditSeq and PrimerSelect, provided by DNASTAR,
Inc., Madison, Wisconsin. For statistical analysis, the Student’s ¢ test was per-
formed with Microsoft Excel software.

RESULTS

PPMO design. Six PPMOs were designed to target se-
quences in the following five regions of positive-strand FMDV
genomic RNA (PPMO name[s] follow in parentheses): (i) the
first 21 nucleotides of the A,,Cru genome (5+), (ii) the cre
region in the 5" UTR (CRE), (iii) the IRES 5D element in the
5" UTR (5D), (iv) the sequence spanning either of the two
AUG start codons of the FMDV polyprotein (AUGI1 and
AUG?2), and (v) the sequence linking the two stem-loop struc-
tures found in the 3’-terminal region (3'SL). PPMO 5+, CRE,
and 3’SL were designed to duplex with sequences previously
described as being involved in RNA synthesis (2, 23). Sequence
alignments of viral strains belonging to various FMDV sero-
types show that the target sequences of these three PPMOs are
highly conserved (Fig. 1B). Of the PPMOs directed against
RNA elements involved in viral translation initiation (5D,
AUGI, and AUG?2), the 5D target sequence is fairly well-
conserved, while the AUG1 and AUG2 PPMOs have poorly
conserved targets across FMDV serotypes.

PPMO cytotoxicity evaluation. All PPMOs were first evalu-
ated for their effects on cell viability by MTT assays. BHK-21
cell monolayers were treated with PPMO at incremental con-
centrations between 1 and 15 M in the absence of the virus in
serum-free media (data not shown) and under conditions sim-
ilar to those in the antiviral experiments described below. Se-
rum-free media is necessary for efficient uptake of PPMOs
containing an RyF, peptide; therefore, this condition was em-
ployed for all PPMO cell culture experiments in this study. Cell
viability was over 80% in the presence of PPMO at concentra-
tions of 5 uM or less (see below). As considerable cytotoxicity
was observed in this assay when PPMO concentrations of over
5 nM were used, subsequent experiments were carried out at
5 uM or less.

J. VIROL.

Identification of effective PPMO inhibitors of FMDYV repli-
cation. In an initial dose-response evaluation by plaque assay,
all of the FMDV-specific PPMOs produced some reduction in
A,,Cru titers. As shown in Fig. 2A, PPMOs 5+, CRE, and
3'SL showed moderate activity, with a dose-responsive effect of
up to a 2 log,, reduction at 5 wM. Remarkably, all three of the
PPMOs directed to translation-associated targets, 5D, AUGI,
and AUG2, produced potent dose-dependent inhibitions,
reaching a maximum titer reduction of greater than 6 log,, at
a concentration of 5 wM. The most-potent inhibition was pro-
duced by AUG1 and AUG2 PPMOs. Inhibition by all of the
above FMDV-targeted PPMOs was apparently sequence-spe-
cific, as neither DSscr nor the AUG2scr control PPMOs inhib-
ited viral plaque formation at any concentration tested (Fig.
2A). Further evidence of sequence specificity was obtained by
MTT cell-viability assays on uninfected cells treated with the
various PPMOs (Fig. 2B) at the same concentrations and un-
der the same experimental conditions as the antiviral experi-
ment of Fig. 2A. None of the PPMOs used in the study reduced
cell viability by more than about 20% at 5 uM, and most of the
viability readings were well above that (Fig. 2B), indicating that
the inhibitory effect of PPMO observed in the antiviral assays
was not due to nonspecific effects on cellular health and the
ability to produce virus.

The above highly positive results prompted us to examine
the kinetics of PPMO inhibition in a 24-h one-step growth
curve, using a high MOI of 5 and PPMO treatment. While the
virus titer of the mock-treated cultures reached a plateau at
about 6 to 8 h p.i., the DSscr-, AUG2scr-, and CRE-treated
cultures displayed delayed virus growth kinetics at early time
points but at 24 h p.i. reached about the same titers as that of
the mock-treated culture. In agreement with results observed
in the antiviral plaque assays described above, cultures treated
with 5 uM of AUG1, AUG2, and 5D PPMOs had titers 5 log;,,
to 6 log,, below that of the controls and exhibited little in-
crease in titers over the 24 h of this experiment (Fig. 2C). The
5+- and 3SL-treated samples showed modest levels of inhibi-
tion, with about 1 log reduction in titers compared to that of
the controls at 24 h p.i.

Challenge of multiple FMDV serotypes. Next, we investi-
gated whether any of the PPMOs could inhibit FMDYV sero-
types other than type A. We carried out single-dose challenges
at 2.5 uM against eight strains of FMDV (Fig. 1B) represent-
ing six different serotypes, and the heterologous bovine entero-
virus (BEV), and evaluated inhibition levels by plaque assays
(Fig. 3). BEV is a picornavirus belonging to the Enterovirus
genus (12) and has little sequence similarity with any FMDV
strain at the various PPMO target sites (BLAST search anal-
ysis, not shown). As shown in Fig. 3, PPMO AUGTI inhibited
the growth of three FMDYV serotypes: both type A viruses (A,
and A,,Cru) by over 6 log,, and type C (C3 Resende) and
Asial serotype viruses by over 2 log,,, compared to that of the
AUGl1-treated BEV control. However, we note that the pat-
tern of relative inhibition by AUG1 PPMO is not absolutely
correlative with sequence agreement. For instance, the se-
quences of A,,Cru and A,, differ considerably at the AUGI1
target site (Fig. 1B), yet both strains were strongly inhibited by
AUG1 PPMO. The AUG2 compound showed inhibitory ac-
tivity against only serotype A viruses, an unsurprising result
based on the number of sequence mismatches between the
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FIG. 2. Determination of FMDV titers after PPMO treatment. (A) Dose response of viral titers in the presence or absence of PPMO. Cells
were treated with PPMO or mock treated for 1 h before inoculation with A,,Cru at 0.5 PFU/cell in serum-free media. Following 24 h of incubation
under further PPMO treatment, the virus yield was determined by plaque assay and expressed as PFU/ml. Each histogram presents the mean
PFU/ml of four samples, and the corresponding standard deviations are shown as error bars. The data from one representative experiment are
shown. (B) Uninfected BHK-21 cells were treated with the indicated PPMO at various concentrations under the same experimental conditions as
for panel A. Values are presented as percentages of viable cells compared to that of the mock-treated controls, with corresponding standard
deviations. (C) Twenty-four hour one-step growth curves of FMDV A,,Cru from cells subjected to treatment with a 5 wM concentration of the
indicated PPMO. Cell monolayers were mock- or PPMO-treated and infected with A,,Cru at a MOI of 5 PFU/cell. The procedures used for PPMO
treatment, viral infection, and titration of infectivity are described in Materials and Methods. Each value represents the mean of duplicate assays.
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FIG. 3. Effect of PPMO treatment on infectivity of multiple FMDYV serotypes and BEV. Inhibition levels are presented relative to that of the
mock-treated control for each viral strain and were calculated as 100 X [(virus titer in the presence of PPMO)/(virus titer in the absence of
PPMO)]. Results are the mean values from two independent experiments, and the error bars represent the standard deviations.

AUG?2 PPMO and non-serotype A strains at this target site
(Fig. 1B). None of the AUG2, AUGI, 5+, CRE, or 3'SL
PPMOs significantly reduced BEV titers, providing further
indication of the specificity of their inhibitions of FMDYV in the
various antiviral experiments in this study. Treatment with
PPMO 5D resulted in titer reductions from 2 log,, to 7 log,, at
24 h postinfection of the various FMDV serotypes tested, in-
cluding South African (SAT), Asian, and South American (C3
Resende and O1 Campos) strains (Fig. 3). These results were
somewhat surprising, given the number of sequence mis-
matches (2-4) between the 5D PPMO and its target sites in the
various strains (Fig. 1B). Also difficult to explain was that 5D
was far more effective against SAT2 than SAT1 despite iden-
tical sequences at the 5D target site of these two strains. Fur-
ther, the SD PPMO inhibited BEV titers by approximately 2
log,,. As sequence agreement between the 5D PPMO and
BEV at this target site is not high, this observed partial inhi-
bition is also difficult to reconcile, and additional studies will be
required to further characterize this particular PPMO and
investigate its specificity. Future efforts to help clarify the
above observations could include using a PPMO delivery-pep-
tide composition less prone to nonspecificity than the RoF,
peptide used here, on the same 5D PMO sequence, and/or
designing PPMOs that target somewhat different sequences in
domain 5 of the FMDV IRES. Despite the peculiarities of
some of the data, the results indicate that AUG1 and AUG2
PPMOs work dependably against the type A FMDYV strains.
The efficacy of PPMO 5D against multiple serotypes indicates
that it may have the potential to be broadly applicable; how-
ever, further study is required.

Effects of PPMO on viral protein expression and RNA syn-
thesis in BHK-21 cells. In an attempt to elucidate the mech-
anism of action of the more-effective PPMOs, three explor-
atory experiments were performed. First, expression of viral
proteins in PPMO- and mock-treated FMDV-infected cells
was examined by Western immunoblotting. As shown in Fig.
4A, the 5+ PPMO treatments resulted in only a moderate
reduction, whereas the 5D, AUGI1, and AUG2 PPMO treat-

ments caused profound reductions in viral protein expression
levels compared to those of both the DSscr- and mock-treated
controls. The same Western blot membrane was reprobed for
cellular tubulin-a (Fig. 4A), showing that similar amounts of
cell extract were analyzed for each sample.

To investigate the relationship between PPMO antiviral ac-
tivity and viral RNA production, quantitative real-time RT-
PCR was carried out on samples from the same experiment for
viral protein expression by Western blotting described above.
A C, measurement method was employed to quantify viral
RNA levels. As shown in Fig. 4B, all PPMO-treated samples
yielded detectable quantities of FMDV RNA. At 3 h p.,
treatment with 2.5 uM 5D, AUGI1, or AUG2 PPMO generated
AAC; levels of 564, 91, and 910, indicating a 110-, 686-, or
69-fold reduction, respectively, in the level of viral RNA ex-
pression compared to that of the control sample without
PPMO (AAC; = 62,432). The 5+- and DSscr-treated samples
reduced viral RNA levels three- and twofold (AAC, = 20,882
and 29,532), respectively.

To evaluate the effect of various PPMOs on the translation
of the FMDYV polyprotein, we performed in vitro translations
of A,,Cru RNA in BHK-21 S10 extract. Translation reactions
in the presence of [>*S]-methionine were performed in S10
extracts programmed with full-length A,,Cru RNA transcripts
with or without PPMO. Radiolabeled proteins were then im-
munoprecipitated and resolved by SDS-PAGE (Fig. 4C). In
the presence of 0.25 or 2.5 uM AUG2 PPMO, a retardation of
leader protein migration was observed. The migration of the
AUG2 PPMO-treated sample was consistent with that of a
protein that had initiated about 80 nt upstream, at the first
AUG of LP™ (AUG]I, Lab protein). The migrations of trans-
lation reactions carried out in the absence of treatment or
treatment with AUG1 or 5D PPMO indicate that translation
initiated predominantly at AUG2 of the LP™.

Selection and analysis of PPMO-resistant FMDYV. The abil-
ity of viruses in an FMDYV population to survive treatment with
the three most efficacious PPMOs (5D, AUGI, and AUG2)
was investigated by serial passages of A,,Cru virus in the pres-
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FIG. 4. Effect of PPMO treatment on viral protein and RNA expression. (A) Western blot prepared from cell lysates obtained from BHK-21
cells treated with 2.5 uM of the indicated PPMO. Cell monolayers were PPMO-treated for 3 h and infected with FMDV A,,Cru at a MOI of 5
PFU/cell for 1 h, followed by a further 4 h of incubation in a PPMO mixture before cell lysates were prepared (see Materials and Methods). Ten
micrograms of total protein was loaded per lane, and the blot was probed with a polyclonal antibody for FMDV VP3 (upper panel) or a monoclonal
antibody against tubulin-a (lower panel). (B) Quantitative real-time PCR measurement of FMDV RNA isolated from cell lysates corresponding
to those in the above experiment. Values are reported as AAC, normalized to that of endogenous 18S rRNA and calibrated against mock-treated
uninfected control cell lysates. The y axis indicates AAC;- (log, relative units). Each error bar refers to the standard deviation for the respective
mean data point (» = 3). Similar results were obtained in at least two independent experiments. (C) FMDYV translation products produced in
BHK-21 S10 lysates in the presence or absence of PPMO. Translation reactions were programmed with full-length A,,Cru RNA in the presence
of [**S]-methionine and immunoprecipitated with a polyclonal antibody for Leader protein. PPMOs were included in the translation reactions at
concentrations of 0 pM (lane 1), 0.25 wM (lanes 3, 4, 6, and 8), and 2.5 uM (lanes 2, 5, 7, and 9). Lane 10 contains non-PPMO-treated and
nonimmunoprecipitated viral RNA translation products. The products were examined by SDS-PAGE on a 12% gel.

ence of gradually increasing concentrations of PPMO (Fig. 5)
and quantification by plaque assay. The first two passages em-
ployed PPMO at a concentration of 0.5 uM, followed by two
passages at 1 uM and a fifth passage (p5) at 2.5 pM. This
process was carried out independently with each PPMO twice
and with mock-treated cells in triplicate (Fig. SA). After the
fifth passage, plaque size and morphology generated by the
5D- or AUG2-treated (R-5D/p5 and R-AUG2/p5) FMDV-
resistant mutant (Rm) viruses were found to be indistinguish-
able from those of the wild type (WT) virus or A,,Cru receiv-
ing no PPMO treatment (No-PMO/pS) (data not shown). The
effects of various concentrations of PPMO on the growth of

R-5D/p5 and R-AUG2/pS compared to that of WT virus is
shown in Fig. 5B. Both R-5D/p5 and R-AUG2/p5 displayed
clear advantages in growth over that of the WT virus in the
presence of all concentrations of PPMO tested and in a dose-
dependent manner (Fig. 5B). To further characterize these Rm
variants, sequence analyses were performed on nonpassaged
(WT) virus, No-PMO/p5, and the passaged viruses R-5D/p5
and R-AUG2/p5, including plaque-purified viruses (Table 2).
After five passages on BHK-21 cells, No-PMO/p5 displayed no
nucleotide changes. In contrast, R-AUG2/p5 contained nucle-
otide changes within the PPMO target site resulting in two
nonsynonymous substitutions in LP* (Table 2). Specifically, a
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to the R-AUG2/pS, R-5D/p3S, and No-PPMO viruses were analyzed by plaque assay and RT-PCR (see explanation of panel C below). Analyses
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TABLE 2. Comparison of PPMO-resistant A,,Cruz virus recovered from PPMO-treated BHK-21 cells
Virus source Passage hlstoury Locations of mutant nucleotides” Nucleotide sequence®< Frequency”
(clone no.)
Parental A, virus (WT) PO GCCACAGGAAGGATGGAATTCA®
R-AUG2/p5 P5 1127, 1137 ——mm—- Commmmmmm - C-===-
R-AUG2,_, PS5 (clones 1-7) 1122, 1126-1128, 1136-1138 -A---GCU------- CcCC---- 7/15
R-AUG24 PS5 (clone 8) 1123, 1131, 1137 -=T-—————- C----= C---=-- 1/15
R-AUG2_, PS5 (clones 9, 10) 1123, 1127, 1137 --T---C-——-————- C----- 2/15
R-AUG2,, P5 (clone 11) 1123, 11310, 1137 —-T-—————- A----- C---=-- 1/15
R-AUG2,, 13 14 PS5 (clones 12-14) 1126, 1137 ~  ——=—= C-mmm————- C----- 3/15
R-AUG2,5 P5 (clone 15) 1123, 1127 —-T---C---—--m———————— 1/15
No-PPMO,_; PS5 (clones 1-3) e 3/3
Parental A,, virus (WT) PO AGGCCGGCACCTTTCTTTTAA®
R-5D/p5 P5/5D 1023,1030  ——mm——— R------ Y-----
R-5D_5 P5/clones 1-5 1023,1030  ———m———- G------ C----- 59
R-5D¢ P5/clone 6 1032 e C--- 1/9
R-5D, P5/clone 7 1017 -—C-—mm - 1/9
R-5D4 P5/clone 8 1017, 1022 e O B et 1/9
R-5D, P5/clone 9 1018 A - 1/9
No-PPMO,_; P5/clones1-3 e 3/3

“ FMDV A,,Cru WT viruses were passaged and selected in the presence of the indicated PPMO, as described in Materials and Methods and Results. Infections were
repeated twice with each PPMO treatment and in triplicate for the No-PPMO controls. PO, unpassaged clone; P5, clone passaged five times in the presence of the
indicated PPMO; clone no., plaque-purified clone producing a particular mutation profile. Unpurified virus stocks are shown in bold.

> Numbering is based on the complete FMDV A,,Cru sequence (GenBank accession number AY593768).

¢ Sequence data corresponding to cDNAs of individual plaque-purified viruses derived from either R-AUG2/p5, R-5D/p5, or No-PPMO/p5. R, Aor G; Y, Cor T.

@ Frequency of each particular resistant mutant virus per total number of mutant viruses from indicated PPMO-treated cultures.

¢ Nucleotides 1121 to 1142.

/Nucleotides 1015 to 1035.

transition at nucleotide 1156 (G to C) caused an amino acid
change of glycine to arginine at amino acid residue 27 (G27 to
R), whereas a transition at position 1166 (A to C) changed a
glutamic acid to alanine at residue 30 (E30 to A) (Table 2).
Sequence analyses were also performed on 15 and 10 indepen-
dently plaque-purified viruses derived from R-AUG2/p5 and
R-5D/p5, respectively. The results obtained (Table 2) show
that quasispecies present in R-AUG2/pS produced at least six
different sequence profiles within the target region for AUG2
PPMO (Table 2, compare R-AUG2/p5 clones to noncloned
R-AUG2/pS and No-PPMO/p5). A similar analysis of R-5D/p5
virus (Table 2) shows variations at nucleotides 1052 (R = A/C)
and 1059 (Y = T/C), which fall inside the 5D PPMO target
site. We assume that these genetic modifications in the viral
population contributed to the PPMO treatment resistance ob-
served in the R-5D/p5 mutants. In 10 plaque purified viruses
derived from R-5D/P5, five different mutant profiles were
found (Table 2).

An interesting pattern emerged from repeated exposure of
A,,Cru virus to AUG1 PPMO. Two virus passages with AUG1
PPMO at 0.5 puM followed by one passage at 1 uM resulted in
no observable cytopathology, indicating that no viable viruses
were present at passage 3 (Fig. 5SA). This experiment was
repeated three times with identical results (Fig. 5SA). Consis-
tent with the lack of a viral-induced cytopathic effect was the
complete absence of plaque formation observed after passage
3 with AUG1 PPMO (Fig. 5A), suggesting that the virus pop-
ulation had been extinguished. To further investigate whether
the above treatment had indeed caused viral extinction, two
more strategies to determine if any virus had survived treat-
ment were employed. First, 1/3 of the cell culture supernatant
harvested after the third passage under AUGI treatment was
used to infect fresh BHK-21 monolayers for 72 h at 37°C, and
two additional blind passages carried out in the same manner
in the absence of PPMO were then performed. In these exper-
iments, we allowed infections to proceed for 72 h prior to

of two independent experiments with PPMO- and No-PPMO-treated cells produced consistent results. (B) Effects of subsequent PPMO treatment
on WT and PPMO-treated passage 5 R-AUG2/pS and R- 5D/p5 viruses. The inhibition value in the presence of PPMO is relative to that of the
mock-treated control in each case and was calculated as described in the legend to Fig. 4. The results are the means from two experiments, and
the error bars represent the standard deviation. (C) PCR gel from RT-PCRs of PPMO-treated or untreated viruses. Cells were infected with
A,,Cru at a MOI of 0.5 PFU/cell in the presence of increasing amounts (0.5 to 1 uM) of PPMO AUGI. PCR products were amplified from cDNA
synthesized from WT unpassaged virus, first and third passage virus produced under selection with AUG1 PPMO, and cells of each of three
consecutive blind passages of lysates from passage 3 AUG1 PPMO-treated cells. The results show one representative experiment. Amplified
products were visualized by ethidium bromide staining on 2% agarose gels. WT A,,Cru virus yielded a single band migrating at 1 kb (lane A)
amplified with sense (5'-[C];;TAAGTTCT-3") and antisense (5'-TGCCGTCCACCATGCACACCTCGCT-3") primers. Lanes: B, A,,Cru pas-
saged five times in the absence of PPMO; C and D, first and third passages of A,,Cru under PPMO AUGltreatment; E, F, and G, cell lysates from
cells subjected to three rounds of treatment with AUG1/p3 cell lysate; first and last lanes, 1-kb DNA ladder (Invitrogen); H, reverse transcript
control provided by the Superscript III first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA); I, PCR control provided by the
Advantage 2 PCR enzyme system (Clontech, Palo Alto, CA); J, a no-template PCR control reaction. Neg, negative. (D) Hairpin loop structure
(AG at —12.2) corresponding to FMDV IRES domain 5, generated by mfold (43), with observed mutations indicated by arrows.
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determining the titers by plaque assay. As shown in Fig. 5A,
three blind passages of AUG1/p3, performed in triplicate, pro-
duced AUG1/p3/bp3[a,b,c] with no detectable viral infectivity.
Second, RT-PCR was used to assay for the presence of FMDV
RNA in passage 1 and passage 3 cells treated with AUGI1
PPMO, as well as in each of the three blind-passage derivatives
(Fig. 5C). RNA extracted from BHK-21 cell lysates corre-
sponding to AUG1/pl produced an amplicon visible by aga-
rose gel electrophoresis, although the intensity of the band was
far weaker than that of the untreated and No-PMO/p5 A,,
controls (Fig. 5C, compare lane C to lanes A and B). Remark-
ably, no PCR product was detected from either AUG1/p3 or
the three blind passages (Fig. 5C, compare lanes D, E, F, and
G to lanes A and B). Together, these results show that, under
the conditions of our experiment, treatment of cells with 1 uM
or less of AUG1 PPMO during three consecutive passages
eliminated any detectable FMDV.

DISCUSSION

In this study, we investigated the effects of PPMO on repli-
cation of FMDV in cell cultures. We used PPMO designed to
duplex with genetic elements in the 5’ and 3’ ends of the
FMDYV genome thought to be essential for viral RNA synthesis
or translation.

Two PPMO compounds complementary to the first and sec-
ond functional AUG initiation codons of the FMDV polypro-
tein, AUG1 and AUG?2, generated a 6-log,, specific decrease
in viral titer and provided protection from two different strains
within FMDYV serotype A (A,, and A,,) (Fig. 3). A low level
of sequence agreement between serotypes in the region con-
taining the first and second AUG codons precluded efficacy of
these two PPMO against other serotypes.

PPMO 5D was also potent, generating a 5-log,, specific
reduction of a serotype A strain (Fig. 2A). 5D was also able to
generate 2 log,, to 4 log,, titer reductions of strains from four
other FMDYV serotypes (Fig. 3), compared to its effect on the
heterologous BEV. The level of inhibition generated by each
of the most active PPMOs (5D>AUG1>AUG?2) against mul-
tiple FMDYV serotypes reflected the degree of agreement in the
respective PPMO target site sequences between the six sero-
types challenged (Fig. 1B). PPMO 5D did cause some nonspe-
cific inhibition of BEV-1 growth for reasons that remain un-
clear. 5D PPMO did not appear inordinately cytotoxic as
determined by MTT assay (Fig. 2B and data not shown). Ex-
amination of BEV RNA by BLAST search did not reveal any
of the 21 nucleotide regions with high levels of agreement with
PPMO 5D. It is most likely that the cytotoxicity generated by
all of the PPMOs in this study at concentrations over 5 M was
due to the peptide component of the PPMO. We note the
recent development of an alternate arginine-rich peptide (of-
ten named P7) (5, 9, 42) shown to be equivalent to the RyF,
peptide used in this study in its ability to deliver PMO into cells
yet less toxic (1), more stable (27), and less affected by serum
(9). Clearly, improvements of this nature will contribute to the
utility of PPMO technology.

PPMO inhibition of FMDYV titers was, largely at least, se-
quence specific, dose-responsive, and effective at both low (0.5)
and high (5 to 10) MOIs (Fig. 2 and 3). Overall, the three
methods employed for evaluating FMDYV inhibition by PPMO,
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plaque formation, VP3 protein expression, and genomic RNA
synthesis, generated results that were consistent with one an-
other (Fig. 2 and 4).

We found that the PPMO-targeting regions of the FMDV
genome involved in translation initiation (5D, AUGI, and
AUG?2) were highly efficacious, whereas those targeting the
more highly conserved sequences associated with regulation of
RNA synthesis (5+, CRE, and 3'SL) were markedly less so
(Fig. 2A). These different efficacies may reflect the levels of
accessibility of the various target locations to PPMO hybrid-
ization and/or the ability of PPMO, once hybridized, to inter-
fere in events of the viral life cycle associated with the partic-
ular RNA target locations. In vitro translation experiments
showing that when AUG2 PPMO is present, FMDV polypro-
tein synthesis is shifted and starts at the AUG1 codon (Fig. 4C)
clearly demonstrate that PPMO can act by affecting transla-
tion. This result is consistent with studies showing that FMDV
preferentially selects the AUG2 over the AUGI start site (6).
Other reports have also noted that 5" UTR- and AUG region-
targeted PPMOs generally have a higher likelihood of efficacy
than PPMOs targeted against other locations in the genomes
of positive-strand RNA viruses (29, 40, 42) and have impli-
cated inhibition of translation as a likely mechanism of action.
Yuan et al. (42) documented that a PPMO targeted to the
AUG region of coxsackievirus B3 was ineffective, whereas
PPMOs targeted to the stem-loop V region were highly effec-
tive. By comparison, in our study PPMOs targeted to the
FMDV AUG regions were highly effective. The different re-
sults suggest agreement with the current belief that during
translation initiation, the 40S ribosomal subunit joins viral
RNA in the vicinity of stem-loop V in the picornaviral type I
IRES, but at the AUG region in type II IRES (35).

Our results agree with those of Gutierrez et al. (18), who
investigated antisense oligonucleotides directed against each
of the two functional FMDV AUGS and other targets impli-
cated in viral translation regulation. Their study showed that
microinjection of antisense DNA or RNA targeting the AUG2
region into the cytoplasms of BHK-21 cells caused transient
inhibition of FMDYV infections. The magnitude of viral inhibi-
tion produced by FMDV-specific PPMO compares quite fa-
vorably with results from studies with other nucleic-acid-based
agents evaluated against FMDV, such as small interfering
RNA (8, 10, 19, 21, 25), antisense DNA (18), and antisense
RNA (3, 17).

Viral populations partially resistant to inhibition by AUG2
or 5D PPMO were produced by serial passaging of FMDV
A,,Cru in cell cultures under the pressures of PPMO treat-
ment. Mutations present in the PPMO target regions (Table
2), and the reduced virus sensitivity to the relevant PPMO (Fig.
5B), strongly suggesting that PPMO treatment contributed to
amplification of the FMDV mutants that were isolated. The
lack of any such mutations in the WT or No-PPMO/p5 viruses
sequenced also contributes to such a conclusion. As the AUG2
and 5D PPMO target sites are located in regions of secondary
structure considered important to viral functions, we presume
that mutants that escaped from these PPMOs were able to
maintain typical RNA structural conformation while limiting
the ability of PPMO to hybridize efficiently. Note that an Asial
(GenBank accession number A4593797) strain and O1 strain
HLJOC12/03 (GenBank accession number DQ119643) con-
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tain the two predominant mutations (AGGCCGGCGCCTTT
CCTTTAA; changes are indicated in bold) found in R/A24-5D
variants. Figure 5D shows an mfold prediction of the RNA
secondary structure of the IRES domain 5 hairpin where these
two mutations are found and provides an indication that nei-
ther mutation would disrupt the overall configuration of this
region. Similarly, the R27 residue found in R-AUG2/p5 LP™ is
also present in SAT1 (GenBank accession number AY593839),
SAT2 (GenBank accession number NC003992), and SAT3
(GenBank accession number AY593850) viruses. Alteration of
residue 30, as in our E30A R-AUG2/pS mutant, although
rarely found among FMDYV isolates (7), has been previously
reported. Guarne et al. (16) reported a K residue instead of the
typical E residue in LP™ following the second AUG in a SAT2
sequence. Our ability to generate numerous escape mutants in
PPMO-treated cell cultures in this study is consistent with the
high adaptability of FMDV to selective pressure previously
observed in vitro (30, 33) and in vivo (11, 22) and provides
further evidence that FMDYV possesses a remarkable potential
for genetic variation, likely through positive selection and ran-
dom drift acting on heterogeneous viral populations (11).

AUGTI was the most efficacious PPMO in this study, gener-
ating a 6-log,, reduction in viral titers when present at 1 pM
(Fig. 2A). Furthermore, when present at 1 pM or less for only
three passages, it was capable of reducing FMDYV infectivity to
below detectable levels. This finding suggests that mutations
caused by AUG1 PPMO result in nonviable progeny and that
this PPMO represents a strong candidate for further develop-
ment as a potential drug against the A serotypes.

This study, at the very least, provides targeting guidance for
PPMO against FMDV. Considering the agricultural and socio-
economic importance of FMD and the current need for early
disease interventions, the results herein suggest that PPMO
could be considered a candidate technology for therapeutic
development against FMD. Further modifications of the com-
position of the peptide component of the PPMO seem advis-
able, to attempt to reduce the potential toxicity. Once the
toxicity profile is acceptable, PPMO warrants consideration for
evaluation in an FMDYV animal model.
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