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ABSTRACT

Codon bias deoptimization has been previously used to successfully attenuate human pathogens, including poliovirus, respiratory
syncytial virus, and influenza virus. We have applied a similar technology to deoptimize the capsid-coding region (P1) of foot-and-
mouth disease virus (FMDV). Despite the introduction of 489 nucleotide changes (19%), synonymous deoptimization of the P1 region
rendered a viable FMDYV progeny. The resulting strain was stable and reached cell culture titers similar to those obtained for wild-type
(WT) virus, but at reduced specific infectivity. Studies in mice showed that 100% of animals inoculated with the FMDV A12 P1 deopti-
mized mutant (A12-P1 deopt) survived, even when the animals were infected at doses 100 times higher than the dose required to cause
death by WT virus. All mice inoculated with the A12-P1 deopt mutant developed a strong antibody response and were protected
against subsequent lethal challenge with WT virus at 21 days postinoculation. Remarkably, the vaccine safety margin was at least 1,000-
fold higher for A12-P1 deopt than for WT virus. Similar patterns of attenuation were observed in swine, in which animals inoculated
with A12-P1 deopt virus did not develop clinical disease until doses reached 1,000 to 10,000 times the dose required to cause severe dis-
ease in 2 days with WT A12. Consistently, high levels of antibody titers were induced, even at the lowest dose tested. These results high-
light the potential use of synonymous codon pair deoptimization as a strategy to safely attenuate FMDV and further develop live atten-
uated vaccine candidates to control such a feared livestock disease.

IMPORTANCE

Foot-and-mouth disease (FMD) is one of the most feared viral diseases that can affect livestock. Although this disease appeared
to be contained in developed nations by the end of the last century, recent outbreaks in Europe, Japan, Taiwan, South Korea, etc.,
have demonstrated that infection can spread rapidly, causing devastating economic and social consequences. The Global Foot-
and-Mouth Disease Research Alliance (GFRA), an international organization launched in 2003, has set as part of their five main
goals the development of next-generation control measures and strategies, including improved vaccines and biotherapeutics.
Our work demonstrates that newly developed codon pair bias deoptimization technologies can be applied to FMD virus to ob-
tain attenuated strains with potential for further development as novel live attenuated vaccine candidates that may rapidly con-
trol disease without reverting to virulence.

Foot—and—mouth disease (FMD) is one of the most highly con-
tagious viral diseases of cloven-hoofed animals, and it is
caused by FMD virus (FMDV), a member of the Picornaviridae
family. The virus can infect over 70 species of livestock and wild
animals, including cattle, swine, sheep, goat, and deer (1). FMD is
listed by the International Organization of Animal Health (OIE)
as areportable disease, and severe trading restrictions are imposed
upon notification of an outbreak (2). Disease outbreaks in previ-
ously FMD-free countries are initially controlled by culling of in-
fected and in-contact animals, restriction of susceptible animal
movement, disinfection of infected premises, and occasionally
vaccination with an inactivated whole-virus antigen preparation
(3). In countries where the disease is enzootic, animals are pro-
phylactically vaccinated. While not hazardous to human health,
an FMD outbreak carries severe economic costs. For instance, the
recent United Kingdom outbreak of 2001 afforded economic
losses that surpassed US$12 billion, seriously impacting the over-
all economy of the affected areas (4).

In addition to the inactivated whole-antigen vaccine formula-
tion, a recombinant vaccine involving a replication-defective hu-
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man adenovirus 5 that delivers empty FMDV capsids (Ad5-FMD)
has been successfully tested in recent years; however, thus far this
vaccine has been granted only a conditional license in the United
States, and its production could be costly (5). Both the inactivated
vaccine and the Ad5-FMD vaccine require approximately 7 days
to induce protective immunity in swine and cattle, and the dura-
tion of immunity is shorter than that conferred by natural infec-
tion. As a result, vaccinated animals are susceptible to disease if
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exposed to FMDV prior to 7 days or after approximately 6 months
postvaccination (dpv).

It has been reported that rapid and long-lasting protection
against viral infection is usually best achieved by vaccination with
live attenuated vaccines (LAVs). Indeed, using attenuated viral
vaccines, smallpox and rinderpest viruses have been eradicated
(6-8), and measles has been eliminated from some parts of the
world (9). So far, no attenuated vaccine has been successfully used
against FMDV. We have previously developed a candidate for
such a live attenuated vaccine by deleting the nonstructural viral
protein LP*°-coding region (leaderless virus) (10). Despite the re-
duced pathogenicity of the leaderless virus in swine and cattle,
animals inoculated with this mutant virus were not completely
protected when exposed to wild-type (WT) virus, probably due to
the very slow and limited replication of leaderless virus in the host
(11). More recently, we have identified a conserved protein motif
within the LP*°-coding region, the SAF-A/B, Acinus, and PIAS
(SAP) domain (12), that represents a virulence factor. Substitu-
tions of two conserved amino acid residues in this domain in
FMDV A12 generated an attenuated mutant virus in cell culture
and in swine. Interestingly, when the attenuated strain was tested
as a vaccine candidate in swine, animals were completely pro-
tected even when challenged as early as 2 days postvaccination
(13). However, since only two amino acid residues were replaced,
reversion of the SAP mutant to virulence poses a considerable risk.

Codon usage bias is characteristic of all biological systems,
since the frequencies of synonymous codon use for each amino
acid are unequal (14). Codon usage bias in RNA viruses generally
appears to be low, and differences in codon usage are most
strongly correlated with the C+G genomic content (15). Despite
the low codon usage bias, deoptimization has proven to be an
effective genetic engineering technique to attenuate poliovirus,
which, like FMDV, belongs to the Picornaviridae family of viruses.
In parallel studies, Mueller et al. (16) and Burns et al. (17) showed
that deoptimization of the P1/capsid regions of different strains of
poliovirus using different codon substitution designs reduced vi-
rus replicative fitness in proportion to the number of replacement
codons. Furthermore, Mueller et al. (16) showed a drastic effect
on the specific infectivity of deoptimized mutant viruses when
virulence was tested in vivo in a mouse model for poliomyelitis.

Independently of the “codon bias” concept, it has been dem-
onstrated that, for reasons that are not understood, some synon-
ymous codon pairs are used more or less frequently than statisti-
cally predicted, resulting in a particular “codon pair bias” in every
examined species (18). Coleman et al. (19) developed an algo-
rithm (synthetic attenuated virus engineering [SAVE]) that re-
codes a given amino acid sequence, but using different codon
pairs, while controlling codon bias and the folding free energy of
the RNA. By applying this technology to the genomes of poliovirus
and influenza virus, viable viruses were synthesized and recov-
ered. Interestingly, despite a 100% identity in the encoded protein
sequence, severe attenuation was detected in vitro and in vivo (19—
21). Analyses of the mechanisms involved in attenuation sug-
gested that for these viruses, underrepresented codon pairs caused
decreased rates of protein translation (19-21). This hypothesis has
been recently supported by biochemical data indicating that
codon usage affects the rate of translation or cotranslational pro-
tein folding (22). However, alternative mechanisms involving the
induction of innate immunity as a result of changing dinucleotide
frequency have been proposed by other authors (23). Further-
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more, codon pair bias deoptimization of other viruses, including
respiratory syncytial virus (RSV) (24), human immunodeficiency
virus type 1 (25), dengue virus (26), and vesicular stomatitis virus
(27), have also led to attenuated strains. All these reports indicate
that codon and codon pair bias deoptimization can also be a useful
tool to develop attenuated vaccine candidates against RNA vi-
ruses.

In this study, codon pair bias deoptimization was applied to
“deoptimize” the P1 structural region of the virulent A12 strain of
FMDV. The resulting deoptimized FMDYV strain (A12-P1 deopt)
was slightly attenuated in cell culture, reaching endpoint titers one
log lower than those of WT virus. Interestingly, studies in vivo
showed that FMDV A12-P1 deopt was highly attenuated in mice,
and induced a protective immune response against lethal FMDV
WT challenge even at a relative low dose, thus offering a broad
margin between the dose needed to induce protection and the
dose required to cause disease that killed the animals (vaccine
safety margin of ~10,000). Furthermore, virulence studies in
swine showed that the P1 deopt virus was also attenuated in the
natural host, since a dose ~100-fold higher than the dose of ho-
mologous WT virus was required to cause equivalent disease. In-
terestingly, high levels of neutralizing antibodies (Abs) were de-
tected in sera, suggesting that swine inoculated with the mutant
virus could be protected against FMD. These results highlight the
potential of codon pair bias deoptimization as a strategy to reduce
the virulence of FMDYV and possibly develop LAV candidates.

MATERIALS AND METHODS

Cells. Porcine kidney (PK) cell lines (LF-PK and IBRS-2) were obtained
from the Foreign Animal Disease Diagnostic Laboratory (FADDL), Ani-
mal, Plant, and Health Inspection Service (APHIS), at the Plum Island
Animal Disease Center (PIADC). Secondary PX cells were provided by the
APHIS National Veterinary Service Laboratory, Ames, IA. BHK-21 cells
(baby hamster kidney cells, strain 21, clone 13, ATCC CL10) were ob-
tained from the American Type Culture Collection (ATCC, Manassas,
VA). All cells were maintained as previously reported (12).

Viruses. Wild-type FMDV A12 (FMDV A12-WT) was generated from
the full-length serotype Al2 infectious clone pRMC35 (28). FMDV
A12-P1 deopt was derived by modifying the codon pair bias in the 2,210-
nucleotide (nt) complete P1-coding region using SAVE technology (19,
29). The deoptimized fragment and 355-nt flanking viral sequences were
synthesized by GenScript (Piscataway, NJ). The synthetic sequence con-
tained 489 nucleotide substitutions throughout the P1 coding region and
PfIM1 restriction sites for adequate cloning in the unchanged flanking L
and 2B coding regions of the pRMC35 backbone (Fig. 1). Viruses were
derived after electroporation of BHK-21 cells with in vitro-synthesized
RNA as previously reported (28). Virus stocks were purified and concen-
trated by density gradient centrifugation in 10 to 50% (wt/vol) sucrose.

FMDV cell infections. Cultured cell monolayers were infected with
FMDYV at a multiplicity of infection (MOI) of 10. After 1 h of adsorption
at 37°C, unabsorbed virus was removed by washing the cells with a solu-
tion containing 150 mM NaCl in 20 mM morpholineethanesulfonic acid
(MES) (pH 6.0) before adding minimal essential medium (MEM) and
proceeding with incubation at 37°C in 5% CO,. Infected cells were frozen
at 1, 3, 6, and 24 h, and virus titers were determined after thawing by
plaque assay on BHK-21 cells. WT plaques were counted at 30 h postin-
fection (hpi), and P1 deopt plaques were counted at 48 hpi.

Western blotting. Cytoplasmic and nuclear cell fractions were pre-
pared as described previously (30). Proteins were analyzed by Western
blotting. eIF4G and VP1 were detected with rabbit polyclonal anti-eIF4G
and in-house developed Abs, respectively. FMDV leader, 3D, and tubu-
lin-a, were detected with monoclonal Ab (MAb) 5D8C7 (developed in-

jviasm.org 1299


http://jvi.asm.org

Diaz-San Segundo et al.

PfIMI

pRMC35 1

pA12-P1Deopt 1
Lab

>> VP4

PRMC35 181
pA12-P1Deopt 181

catccg

PRMC35 361

PpA12-P1Deopt 361

PRMC35 541

pA12-P1Deopt 541

pPRMC35 721

pA12-P1Deopt 721

PRMC35 201

pA12-P1Deopt 201

PRMC35 1081
pA12-P1Deopt 1081

PRMC35 1261

PA12-P1Deopt 1261

PRMC35 1441

pA12-P1Deopt 1441

PRMC35 1621

pA12-P1Deopt 1621

VP3

>> VP1

PRMC35 1201

pA12-P1Deopt 1801

PRMC35 1381

PA12-P1Deopt 1981

PRMC35 2161
pA12-P1Deopt 2161

PRMC35 2341

pA12-P1Deopt 2341

- VP13> 2A

2B

PRMC35 2521
pA12-P1Deopt 2521

2B

FIG 1 Global DNA alignment of the WT FMDV infectious clone (pPRMC35) P1 region and the deoptimized infectious clone (pA12-P1Deopt). WT and
deoptimized sequences were aligned using Clone Manager Suite V8 (Scientific & Educational Software, Morrisville, NC). The alignment includes P1 and 5'/3’
flanking regions with PAIMI restriction sites (used for swapping the capsid coding region). All structural proteins within the P1 region (VP4, VP2, VP3,and VP1)
are indicated, as well as nonstructural protein 2A and fragments of the 2B and L proteins.

house), F19 (305), and Ab-2 MS-581 (clone DM1A; NeoMarkers, Lab
Vision), respectively.

Analysis of mRNA. A quantitative real-time reverse transcription-
PCR (rRT-PCR) assay was used to evaluate the mRNA levels of porcine
beta interferon (IFN-B), interferon-regulatory factor 7 (IRF7), Mxl,
RANTES, tumor necrosis factor alpha (TNF-a), and interleukin-13 (IL-
1B) as previously described (30).

Analysis of IFN protein. A porcine IFN-a (polFN-a) double-capture
enzyme-linked immunosorbent assay (ELISA) previously developed in
our laboratory was used to quantify IFN-a protein in the supernatants of
infected cells (13).

Animal experiments. Animal experiments were performed in the
high-containment facilities of the Plum Island Animal Disease Center and
were conducted in compliance with the Animal Welfare Act (AWA), the
2011 Guide for Care and Use of Laboratory Animals, the 2002 PHS Policy
for the Humane Care and Use of Laboratory Animals, and U.S. Govern-
ment Principles for Utilization and Care of Vertebrate Animals Used in
Testing, Research and Training (IRAC 1985), as well as specific animal
protocols reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of the Plum Island Animal Disease Center
(USDA/APHIS/AC certificate number 21-F-0001).

Mouse experiments. Six- to 7-week-old female C57BL/6 mice were
purchased from Jackson Laboratory (Bar Harbor, ME) and were accli-
mated for 1 week. In a first experiment, groups of 6 mice were anesthetized
with isoflurane (Webster Veterinary, Devens, MA) and immediately in-
fected subcutaneously (s.c.) in the left rear footpad with 10%, 104, or 10°
PFU FMDV A12-WT or with 10°, 10° or 107 PFU of FMDV A12-P1
deopt, respectively, in a volume of 50 pl. Animals were monitored for 8
days. Viremia was determined by plaque assay on BHK-21 cells. When
indicated, previously inoculated animals were challenged with 5 X 10°
PFU of FMDV A12-WT s.c. in the right rear footpad. In the second mouse
experiment, groups of 6 animals were s.c. inoculated in the left rear foot-
pad with 10" or 10? PFU of FMDV A12-WT or with 10', 10%, 10, or 10*
PFU of FMDV A12-P1 deopt, respectively, in a volume of 50 wl. Animals
were challenged at 21 days postinfection (dpi) with a lethal dose of FMDV
A12-WT (5 X 10° PFU) inoculated in the right rear footpad.
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Swine experiment. Twelve Yorkshire gilts (five weeks old and weigh-
ing approximately 18 to 23 kg each) were acclimated for 1 week and were
subsequently divided into four groups of three animals each. Animals
were inoculated intradermally (i.d.) in the heel bulb of the right hind foot
with different doses of FMDV A12-P1 deopt (10, 10°, 10°, or 10’ PFU/
animal). Animals were monitored for 21 dpi. Clinical scores were deter-
mined by the number of toes presenting FMD lesions plus the presence of
lesions in the snout and/or mouth. The maximum score was 17, and
lesions restricted to the site of inoculation were not counted. The percent-
age of lymphocytes in the white cell population from whole blood col-
lected in EDTA was measured using a Hemavet cell counter (Drew Scien-
tific-Erba Diagnostics, Miami Lakes, FL).

Detection of virus in sera and nasal swabs. Mouse and swine sera and
swine nasal swabs were assayed for the presence of virus by plaque titra-
tion on BHK-21 cells. Virus titers were expressed as log,, PFU per milli-
liter of serum or nasal secretions. The detection level of this assay is 5
PFU/ml. In addition, FMDV RNA was detected by real-time RT-PCR
(rRT-PCR) as previously described (31). Forty-five amplification cycles
were run, and samples were considered positive when threshold cycle (C)
values were <40. (For details, see the footnotes to Table 2.)

Evaluation of humoral immune response. Neutralizing antibody ti-
ters were determined in mouse or swine serum samples by endpoint titra-
tion according to the method of Kirber (2). Antibody titers were ex-
pressed as the log, , value of the reciprocal of the dilution that neutralized
the median tissue culture infectious dose (TCID5,). The presence of spe-
cific IgM and IgG Abs against FMDV in mouse sera was tested by indirect
antibody sandwich ELISA as described previously (32).

Data analyses. Data handling and analysis and graphic representa-
tions were performed using Prism 5.0 (GraphPad Software, San Diego,
CA) or Microsoft Excel (Microsoft, Redmond, WA). Statistical signifi-
cance was determined using Student’s ¢ test.

RESULTS

Synonymous deoptimization of P1 results in attenuation of
FMDY in vitro. Previous studies have shown that sequence deop-
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FIG 2 Kinetics of growth and plaque morphology in cell culture. Different cell lines or primary cultures were infected with A12-WT or P1-deoptimized
(P1deopt) FMDV at an MOI of 10. After 1 h of incubation, unabsorbed virus was removed by washing with 150 mM NaCl-20 mM MES (pH 6.0), followed by
addition of complete MEM. Infected cells were frozen at 1, 3, 6, and 24 hpi. Titers of viruses released after thawing were determined by plaque assay on BHK-21

cells.

timization is tolerated by poliovirus (19). In order to test if such a
strategy would work for FMDYV, which is also a member of the
Picornaviridae family, we designed viral genomes in which the P1
region was SAVE deoptimized (19). Deoptimized sequences con-
taining 489 nucleotide changes were synthetically obtained and
subsequently replaced in the FMDV serotype A12 infectious clone
(28) (Fig. 1). Electroporation of in vitro-synthesized A12-P1 deopt
RNA rendered a viable virus that was characterized in vitro. Se-
quence analysis of A12-P1 deopt RNA showed that all nucleotide
changes introduced in the P1 region were maintained after 7 pas-
sages in BHK-21 cells, and no extra changes were detected in the
rest of the viral genome, at least as determined by consensus se-
quencing. Although before purification virus titers were slightly
lower, 3 X 10° PFU/ml for P1 deopt virus compared to 5 X 10’
PFU/ml for WT, high-titer viral stocks ( 10® to 10° PFU/ml) were
obtained after concentration with polyethylene glycol (PEG)
and/or purification through sucrose gradients. Viruses with P1
deoptimized displayed a small-plaque phenotype compared to the
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WT in all cell lines analyzed (BHK-21, IBRS-2, or LF-PK) (Fig. 2),
and no plaques were detected in primary porcine kidney (PK)
cells. Kinetics of growth for each particular cell line were deter-
mined by taking samples at different time points and performing
plaque assays on BHK-21 cells. Although endpoint titers reached
slightly lower levels in cells lacking selective innate pressure, such
as porcine LF-PK and IBRS-2 or hamster BHK-21 cells, the
A12-P1 deopt virus was clearly attenuated in primary porcine cell
cultures, showing an almost two-log-lower virus yield at 24 h
postinfection (Fig. 2). These results indicated that the growth
properties of the deoptimized virus in cell culture have changed,
similarly to those previously reported for attenuated FMDV
strains (12, 33).

It is known that FMDYV has a relatively low specific infectivity
since the ratio between viral particles and infectious units (VP/
PFU ratio) is relatively high and depends mostly on serotype and
experimental purification procedures (34). Analysis of the virus
purified by sucrose gradient centrifugation indicated that deopti-
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TABLE 1 Effect of P1 deoptimization on specific infectivity

Virus and Titer Specific infectivity
treatment” (PFU/ml) VP/ml® (VP/PFU)
A12-WT

PEG ppt 2.3 X 10°

SDG 8.5 X 10° 4.42 X 10" 5,200
A12-P1 deopt

PEG ppt 4.4 X 108

SDG 3.4 %X 10° 9.4 X 10" 27,631

“ PEG ppt, concentration by polyethylene glycol precipitation; SDG, purification by
sucrose gradient centrifugation.

b Viral particles per milliliter, calculated by reading the optical density at 260 nm
(E1% = 76).

mization of P1 reduces the specific infectivity of FMDV A12-P1
deopt by approximately 5-fold. While the VP/PFU ratio for the
WT virus was about 5,000, a VP/PFU ratio of 25,000 was obtained
for the P1 deopt virus concurrently grown and purified under
identical experimental conditions (Table 1). These results indi-

cated that FMDV A12-P1 deopt is attenuated in vitro and a higher
number of particles are required to achieve the same levels of
infection when no immune selective pressure is applied.

Codon pair deoptimization causes induction of the cellular
innate immune response. To understand the possible mecha-
nisms involved in attenuation caused by deoptimization, viral
protein synthesis was analyzed in a time course infection at high
MOI (10) in primary kidney swine cells. Western blotting analyses
indicated that the levels of protein synthesis in structural (VP1)
and nonstructural (leader proteinase [LP™] and 3D) proteins were
similar in cells infected with A12-P1 deopt or WT virus by 5 to 6
hpi. However, at earlier time points there was a slight delay in the
synthesis of LP* (Fig. 3A) in the cells infected with A12-P1 deopt
compared to the WT virus. Consistently, a slight delay in the deg-
radation of translation initiation factor eIF4G, which is known to
be cleaved by LP™ (35), was detected.

It has been recently described that one of the possible mecha-
nisms of attenuation of deoptimized viruses is the induction of an
enhanced cellular innate immune response due to the increase in
the number of CpG dinucleotides in the deoptimized viral mRNA

A.
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FIG 3 Analysis of viral protein synthesis, cellular protein processing, and cellular innate immune induction during infection. (A) Primary swine kidney (PK) cells
were infected with A12-WT and A12-P1 deopt at an MOI of 10 for 6.5 h. At the indicated times, cytoplasmic extracts were prepared and analyzed by Western
blotting using rabbit anti-eIF4G polyclonal Ab, rabbit anti-VP1 polyclonal Ab, mouse MAb 5D8C7 (anti-LP*®), MAb F19 (305) (anti-3D), and mouse anti-
tubulin-ae MAb (Ab-2 MS-581). CP, elF4G cleavage products. (B) Expression of IFN-B, TNF-a, RANTES, Mx1, IL-1B, and IRF7 mRNAs was measured by
real-time RT-PCR in PK cells infected with A12-WT and A12-P1 deopt FMDV at an MOI of 2 for the indicated times. Porcine GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used as an internal control. Results are expressed as fold increase (antilog AAC;) of gene expression for virus-infected versus
mock-infected cells (reported values display results of one out of three representative experiments with similar results). (C) Porcine IFN-a was detected by ELISA
in the supernatants of PK cells infected with A12-WT and A12-P1 deopt FMDV at an MOI of 2. The values are presented as the mean * standard deviation (SD)
from three independent determinations.
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FIG 4 FMDV A12-P1 deopt is attenuated in mice. (A and B) Six- to 7-week-old female C57BL/6 mice (n = 6/group) were s.c. inoculated in the footpad with the
indicated doses of A12-WT (WT) or A12-P1 deopt mutant (P1deopt) FMDV. Clinical disease was followed for 7 days after inoculation, and percent survival was
calculated as (number of surviving animals/number of animals per group) X 100, daily (A). Serum samples collected during 7 days after inoculation were assayed
for the presence of virus by plaque assay on BHK-21 cells (B). (C and D) Mice that survived the initial inoculation were challenged with 5 X 10° PFU/animal of
FMDV A12-WT s.c. in the footpad. Clinical disease was followed for 7 days after inoculation, and percent survival was calculated as described above (C). Serum
samples collected during 7 days after inoculation were assayed for the presence of virus by plaque assay on BHK-21 cells (D). A control naive group was included
(n = 6). Error bars represent the variation among individual animals within a group.

sequence (23). To study this possibility, we examined the fre-
quency of CpG dinucleotides in the deoptimized P1 region of
FMDV A12 (36). Our analyses indicated that, like for other small
RNA viruses, the frequency of CpG dinucleotides in the A12-WT
genome is suppressed relative to the expected frequency based on
its G+ C content, with an observed/expected ratio of 0.83 in the P1
coding sequence of A12-WT. However, the observed/expected
CpG ratio of in the P1 deopt variant virus changed to 1.35, indi-
cating that the overall content of CpG dinucleotides had increased
after deoptimization. We also analyzed the induction of IFN-3
and IFN-stimulated gene (ISG) products in primary cells infected
with A12-WT or A12-P1 deopt FMDV at an MOI of 2, a relatively
low value to facilitate differential detection. At this MOI, and con-
sidering the low specific infectivity of FMDV, not all the cells are
expected to be infected, and therefore any IFN induced signal can
be amplified by its paracrine effect on surrounding noninfected
cells (37). As observed in Fig. 3B, the levels of IRF7, Mx-1, and
RANTES ISG products were upregulated early upon infection
with A12-P1 deopt virus compared with those in WT-infected
cells, and IFN-B upregulation was higher at later time points (8 h).
Also, the levels of proinflammatory cytokines were highly upregu-
lated in cells infected with A12-P1 deopt compared to A12-WT
virus, with TNF-a, increasing at relatively early times (4 h) and
IL-1P at later time (8 h) postinfection. Consistent with these re-
sults, supernatants from infected cells contained significantly
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higher levels of accumulated polFN-a protein by 16 to 24 hpi (Fig.
3C), indicating that the deoptimization of the genomic sequence
had an effect on the cellular innate immune response induced by
FMDV A12-P1 deopt infection.

Synonymous deoptimization of P1 results in attenuation of
FMDV in vivo in mice. Salguero et al. (38) demonstrated that
certain strains of adult mice, including C57BL/6 mice, are suscep-
tible to FMDV serotype C when infected s.c. in the footpad. In-
fected animals developed significant viremia and die within a few
days of infection. We have previously confirmed that this model is
also an efficient tool for other FMDYV serotypes, including A and O
(39). To examine the virulence of A12-P1 deopt FMDV in vivo, we
used the same mouse model system. Six- to 7-week-old female
C57BL/6 mice were inoculated with different doses of FMDV
A12-P1 deopt or FMDV A12-WT (6 mice/group) and checked for
survival, viremia, and clinical signs for 8 days.

Animals inoculated with FMDV A12-WT developed clinical
signs, including lethargy and rough fur, and began dying by 24 to
48 h postinoculation. As expected, all animals inoculated with 10
PFU of WT virus died by day 5, and this effect was dose dependent,
since only 50% of mice inoculated with 10* PFU and 33% of mice
inoculated with 10° PFU died by 8 dpi (Fig. 4A). None of the
animals inoculated with FMDV A12-P1 deopt showed clinical
signs or died even when high doses, such as 10” PFU/animal, were
used (Fig. 4A). As previously reported, FMDV A12-WT-inocu-
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FIG 5 Humoral response induced by FMDV A12-P1 deopt in mice. (A) Neutralizing antibodies in sera of mice inoculated with FMDV A12-P1 deopt or A12-WT
before (dpi) and after (dpc) challenge. Titers are expressed as the inverse dilution of serum yielding a 50% reduction of virus titer (log,, TCID5,/ml). Each data
point represents the mean (* SD) for each group. (B and C) Systemic IgG (B) and IgM (C) antibodies in sera of mice inoculated with indicated doses of FMDV
A12-P1 deopt or A12-WT before (dpi) and after (dpc) challenge. Each data point represents the mean (* SD) for each group.

lated animals showed viremia for several days after inoculation,
with a peak of 107 to 10® PFU/ml at 1 dpi (Fig. 4B). In the groups
inoculated with FMDV A12-P1 deopt, viremia was detected only
at 1 dpi, with levels of 1.5 X 10°to 2 X 10° PFU/ml (Fig. 4B). These
results indicate that FMDV A12-P1 deopt is attenuated in vivo in
mice and does not cause death or clinical signs even at doses
10,000 times higher than WT, although virus can be detected in
serum.

A12-P1 deopt FMDYV induces a protective immune response
in mice. In order to study whether FMDV A12-P1 deopt virus was
able to induce a protective immune response, we challenged the
animals originally inoculated with this virus at 21 days with 5 X
10° PFU/mouse of FMDV A12-WT, a dose 5 times higher than the
dose required for this virus to cause death in all naive animals (13).
We included a naive control group to ensure that the challenge
dose was adequate to induce clinical disease within 24 to 72 h
postchallenge and subsequently caused death. As shown in Fig.
4C, all animals in the naive control group developed disease and
died by 5 days postchallenge (dpc). Viremia was detected during 5
days and peaked at 1 dpc (Fig. 4D). In contrast, all animals previ-
ously inoculated with FMDV A12-P1 deopt were protected
against challenge (Fig. 4C). Furthermore, these animals did not
show viremia after challenge (Fig. 4D). At the same time, animals
that survived the previous inoculation with 10* PFU of FMDV
A12-WT were also completely protected against challenge (Fig. 4C
and D).
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To understand the nature of protection observed in these ani-
mals, we analyzed the humoral immune response induced by
FMDV A12-P1 deopt compared with the WT virus before and
after challenge (Fig. 5). The levels of systemic neutralizing Abs
early after inoculation induced by FMDV A12-P1 deopt were
equivalent to the levels induced by WT virus, independently of the
dose used, and the antibody titers were maintained in all groups at
14 and 21 days after inoculation (Fig. 5A). Interestingly, although
class switching to I1gG occurred at the same time and the overall
IgG levels were not statistically significantly different among the
groups, the levels of IgM induced by the mutant virus were higher
than those elicited by WT virus (Fig. 5B and C).

These results indicated that inoculation of mice with FMDV
A12-P1 deopt results in a strong protective humoral response
against challenge with WT virus.

The A12-P1 deopt minimal protective dose is at least 10,000-
fold lower than the infectious dose. The results described above
led us to design a second mouse experiment lowering the dose of
A12-P1 deopt mutant FMDV to determine the minimal dose
needed to induce protection against lethal challenge with homol-
ogous WT FMDV. Six- to 7-week-old female C57BL/6 mice were
vaccinated with different doses of FMDV A12-P1 deopt (10", 107,
10°, or 10" PFU) or FMDV A12-WT (10' or 10> PFU) (6 mice/
group). Animals were challenged at 21 days postvaccination (dpv)
with FMDV A12-WT at a dose of 5 X 10° PFU/mouse in the
opposite rear footpad, and disease was followed for 7 days after the
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challenge. A control group immunized with phosphate-buffered
saline (PBS) was included. As previously described, the animals in
the control group developed disease and died between 3 and 5
days postchallenge and showed levels of viremia of over 10°
PFU/ml of serum (Fig. 6A and B). Animals vaccinated with the
lowest dose (10" PFU) of either WT or deoptimized virus showed
partial protection, with 66.67% survival and levels of viremia at an
average of 4.7 X 107 or 3.9 X 10”7 PFU/ml of serum, respectively
(Fig. 6A and B). Furthermore, there was a clear dose-dependent
protection, since animals vaccinated with 10> PFU of A12-P1
deopt virus showed 83.3% survival and survival was 100% at
any higher dose. Also, levels of viremia after challenge were
vaccine dose dependent, with lower levels of viremia even at the
highest tested vaccination dose and with no detectable viremia
in the group vaccinated with 10* PFU (Fig. 6B).

The presence of neutralizing Abs was detectable as early as 5
dpv for the groups vaccinated with the highest doses of A12-P1
deopt attenuated FMDV (10* and 10* PFU) (Fig. 6C). However,
no neutralizing Abs were detected before challenge in animals
inoculated with lower doses of A12-P1 deopt virus (10" to 107
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PFU). In contrast, animals inoculated with low doses of A12-WT
FMDV developed a modest induction of neutralizing Abs before
the challenge (21 dpv) (Fig. 6C). As expected, there was an in-
crease in the Ab titer after the challenge due to the boost effect of
the challenge virus.

It is known that LAVs stimulate an excellent immune response
that is comparable to that induced by infection with the WT
pathogen (40). However, LAVs can be less safe than inactivated
vaccines, since they can cause disease if inoculated at a high
enough dose or in immunocompromised individuals (41). The
difference between the dose needed to induce protection and the
dose needed to induce disease is defined as the vaccine safety mar-
gin. Figure 6D represents the relationship between protective and
lethal doses for A12-WT and for attenuated A12-P1 deopt viruses.
A12-WT showed a full protective dose with 10> PFU. However,
increasing the dose of WT virus only one log (10° PFU) led to a
lethal infection, thus resulting in a narrow safety margin (10-fold).
In contrast, although the attenuated A12-P1 deopt virus required
a higher dose to induce 100% protection (10° PFU), it did not
cause disease even when used at 10" PFU/animal, a dose 10,000-
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TABLE 2 Experimental design and clinical performance for swine inoculated with various doses of FMDV A12-P1 deopt

SN at dpi:
Dose? (PFU) Pig no. Clinical score” Viremia“ RT-PCR, serum? Shedding virus RT-PCR, nasal swab® 7 14 21
10° 1 0 0 N 0 N 0 2.4 2.4
2 0 0 N 0 N 0 3 1.8
3 0 0 N 0 N 1.2 2.1 2.4
10° 4 0 0 N 0 N 1.8 2.4 1.8
5 0 0 N 0 N 1.5 2.1 1.8
6 0 0 N 0 N 0.9 42 2.7
10° 7 7/1 0 WP (5-6) 0 WP (3-4) 2.1 4.8 3.9
8 3/8 0 WP (2-4) 0 WP (3-4) 3.6 4.8 3.9
9 4/11 2/2.1 X 10°/1 SP (1-4) 0 WP (3-4) 3.6 4.2 3.3
107 10 2/12 1/8.8 X 10%/2 SP (1-3) 0 WP (2-5) 3.6 3.6 3
11 3/12 1/4 X 10%/3 SP (1-4) 0 WP (2-5) 2.7 3.9 3
12 2/8 1/8.5 X 10%/3 SP (1-3) 0 WP (2-5) 2.4 2.7 3

“ Dose of inoculum per animal, expressed as number of PFU in a total volume of 0.4 ml, administered by intradermal inoculation in the heel bulb.

¥ Day postchallenge for first signs of lesions/highest lesion score.

¢ First day postchallenge that viremia was detected by virus isolation/maximum amount of viremia in PFU per milliliter detected in serum samples/duration (days) of viremia.
9N, negative (C; > 40); WP, weak positive (30 = C;- < 40); SP, strong positive (C;- < 30). The days at which virus was present are indicated in parentheses.

¢N, negative (C- > 40); WP, weak positive (30 = C < 40); SP, strong positive (C < 30). The days at which virus was present are indicated in parentheses.

/SN, serum neutralizing antibody titer, reported as log,, of the inverse of the serum dilution that neutralized 100 TCID5,, of virus in 50% of the wells at the indicated time points.

fold higher. These results clearly show that the safety margin for
A12-P1 deopt is at least 1,000-fold greater than the safety margin
for the WT virus.

Synonymous deoptimization of P1 results in attenuation of
FMDV in vivo in swine. To test the virulence of FMDV A12-P1
deopt in the natural host, groups of three pigs were inoculated
i.d. in the rear heel bulb with different doses of the deoptimized
virus. Animals were inoculated with 10, 10°, 10°, or 10”7 PFU/
animal of A12-deopt virus (Table 2), doses that we had previ-
ously shown caused clinical disease in swine inoculated with
the WT virus (13).

No clinical signs were detected in animals inoculated with 10
or 10° PFU of A12-P1 deopt virus throughout the experiment
(Fig. 7, bars). Similarly, no virus or viral RNA was detected in
serum or nasal swabs, as measured by virus isolation and rRT-
PCR (Table 2). When the dose of virus was increased to 10° PFU,
two out of three animals (animals 8 and 9) developed clinical signs
at 3 to 4 dpi with lymphopenia (Fig. 7, lines) associated with the
appearance of vesicles, but disease was less severe than that ob-
served for WT FMDYV, even at doses at least 10 times lower (13).
One animal (animal 7) developed clinical signs only by 7 dpi and
never had lymphopenia. Consistent with the clinical data, two
animals with clinical signs showed viremia by virus isolation and
presence of viral RNA by rRT-PCR, and the animal that showed a
late disease onset had low levels of viral RNA in serum (Table 2).
All animals had detectable viral RNA in nasal swabs for 2 days.
Animals inoculated with 10" PFU showed clinical signs starting by
2 to 3 days, with a lesion score between 8 and 13 (out of a possible
maximum of 17), and had clear lymphopenia (Fig. 7); virus was
detected in serum by both techniques used, and viral RNA was
detected in nasal swabs for 4 days (Table 2). These results showed
that there is a dose-dependent attenuation and that even at high
doses (i.e., 10’ PFU/animal) the severity of disease was reduced
compared to that of the disease observed in animals inoculated
with 10° PFU/animal of A12-WT.
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FMDYV A12-P1 deopt elicits a strong adaptive immune re-
sponse in swine. Natural FMDYV infection is cleared by the induc-
tion of a strong neutralizing antibody response that could start as
early as 4 dpi, with a peak at 14 dpi. In the current experiment, we
observed that despite the absence of viremia for the animals inoc-
ulated with 10° or 10° PFU of A12-P1 deopt, all the animals in
these two groups developed significant levels of FMDV-specific
neutralizing Abs starting at 7 dpi, with a peak at 14 dpi (Table 2).
There was a clear dose response in the antibody titer at 7 dpi, and
the groups administered high doses (10° to 10’ PFU) overall de-
veloped higher antibody titers throughout the experiment. Nev-
ertheless, even at the lower doses, the neutralizing antibody titers
were high enough to predict protection (11).

DISCUSSION

Live attenuated vaccines have proven to be the most successful at
eradicating and decreasing the incidence of viral diseases. Indeed,
smallpox and rinderpest have been the only two viral diseases
eradicated, after the enforcement of a series of health policy mea-
sures thatincluded the use of LAVs (6-8). Furthermore, outbreaks
of measles have been relatively limited because of the use of an
effective live vaccine (9). Vaccines of this type have the advantage
of closely mimicking the viral infection, thus eliciting the many
responses that the host spontaneously triggers to eliminate the
pathogen. In some instances, immunity elicited by the natural
infection can last for life (42). Traditionally, LAVs were derived by
repeated passage of virulent virus in tissue culture or in alternate
hosts, resulting in the spontaneous accumulation of mutations
and a decrease in virus fitness, thus generating attenuation. De-
spite the success of this method, evidence suggested that the atten-
uation could be due to just few among the many introduced mu-
tations, highlighting the possible danger of reversion to virulence
(43).

With the advancement of genetic engineering over the last 20
years, viral infectious clones were easily derived. However, manip-
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FIG 7 FMDV A12-P1 deopt is attenuated in swine. Eighteen- to 23-kg female Yorkshire swine (n = 3/group) were i.d. inoculated with indicated doses of the
A12-P1 deopt mutant, and disease was followed for the next 7 days. The percentage of lymphocytes in blood (lines) and clinical score (bars) are represented.
Clinical scores were determined by the number of toes presenting FMD lesions plus the presence of lesions in the snout and/or mouth. The maximum score was
17, and lesions restricted to the site of inoculation were not counted. Each graph represents the results observed in each individual animal.

ulating viral genomes to obtain attenuated strains can be challeng-
ing, given that small RNA viruses have evolved to simply contain
the minimum genetic information required for fitness and adap-
tation to the host(s). Similar to the case for other picornaviruses,
FMDYV has a small genome, and only small deletions are tolerated
without compromising viral replication. Indeed, FMDV attenu-
ated strains containing deletions have been successfully derived.
For instance, a virus lacking the leader-coding region was gener-
ated without significantly affecting replication in tissue culture
(10). However, studies in vivo showed that the “leaderless virus”
was too attenuated and induced only a limited immune response,
not sufficient to protect cattle against homologous challenge (11).
Interestingly, the leaderless virus behaved like WT virus when it
was used like the traditional inactivated FMD vaccine (inactivated
antigen in formulation with oil adjuvant), suggesting that the
leaderless virus could be an alternative safer option for FMD vac-
cine production (11, 40, 41).

More recently, we have developed an attenuated FMDV strain
with point mutations in the leader-coding region (12). Remark-
ably, this virus was fully attenuated in swine and induced an early
protective immune response (at 2 dpv) against challenge with WT
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virus (13). However, given the low fidelity of viral RNA poly-
merases, point mutations are prone to be corrected during viral
replication or new compensatory mutations may appear, posing a
high risk of reversion to virulence (42).

Codon bias deoptimization is being developed as a new tech-
nology in attenuated vaccine development. Since deoptimization
is due to the summation effect at each of hundreds or thousands of
nucleotide mutations without changing amino acid sequences,
the likelihood of reversion to virulence is expected to be reduced.
Indeed, this technology has proven useful to derive attenuated
strains of positive-strand RNA viruses such as poliovirus (16-18),
porcine reproductive and respiratory syndrome virus (PRRSV)
(29), and dengue virus (26), as well as those of negative-sense RNA
viruses such as influenza virus (20), respiratory syncytial virus
(24), and vesicular stomatitis virus (27).

In this study, we have investigated the feasibility of applying
SAVE, a recently developed technology that modifies codon pair
bias, to aphthoviruses. Our overarching goal was to derive atten-
uated strains of FMDV that could be further used for pathogenesis
studies and potentially exploited for novel vaccine development.
Based on the success of this technology with polioviruses (16, 19),
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we also redesigned the viral P1-coding region in FMDV serotype
A12. The P1-coding region is highly variable among the seven
FMDV serotypes and codes for viral structural proteins that
mostly determine antigenicity and mediate the interaction of the
virus with host cell receptors. Interestingly, deoptimization of the
entire P1 region was tolerated by FMDV, since a viable progeny
was obtained, as opposed to the case for poliovirus, where only
deoptimization of partial P1 sequences allowed for virus recovery
(19). However, similar to the case for polioviruses (16) but in
contrast to that for influenza virus (20), the specific infectivity for
FMDV was considerably reduced, from approximately 5,000 VP/
PFU for the WT to 25,000 VP/PFU for the A12-P1 deopt variant.
In addition, the deoptimized virus had a small- or no-plaque phe-
notype, and final titers in one-step growth kinetics in primary cells
were 1 to 2 logs lower than those of WT virus, indicating that the
deoptimized virus was clearly attenuated in vitro. Although
FMDYV plaque morphology is heterogeneous and varies with se-
rotype, cell line, method of detection, replicative ability, differen-
tial utilization of cellular receptors, etc. (33), similar results had
been previously reported for attenuated strains of FMDV, such as
leaderless and SAP mutants, particularly when the virus was
grown in primary cells that maintain the immune selective pres-
sure (12, 44). We observed only a slight delay in translation of LP*
and processing of eIF4G for the P1 deopt virus compared to the
WT virus (Fig. 3A); however, it is important to mention that all
infections were performed at similar MOIs, thereby using at least
a 5-fold excess of mutant compared to WT virus, when consider-
ing its lower specific infectivity. Our results thus may mask any
small but significant difference in the rate or efficiency of transla-
tion. Furthermore, it is also possible that even when the overall
kinetics of viral protein synthesis was apparently not affected, the
activity of individual proteins might have been compromised,
thus hindering the ability of FMDV to counteract the innate re-
sponse against viral infection. In fact, we and others have shown
that FMDV LP™, the first nonstructural protein in the FMDV
open reading frame (ORF), plays a fundamental role in blocking
the expression of IFN and IFN-induced genes (12, 13, 22, 44, 45).

Our analyses in vitro also showed that infection with the atten-
uated A12 -P1 deopt strain induced a strong innate cellular im-
mune response, as several ISGs were upregulated. It is known that
during viral infection, detection of foreign nucleic acids is respon-
sible for the specific induction of transcription of IFN genes and
ISGs in infected cells (46). In particular it has been shown that
picornavirus RNAs are detected by the cytosolic RNA receptor
MDAS (47, 48). In fact, it has been reported that FMDV RNA is
sensed through MDAS5 (49). As mentioned above, in our assays,
infections were performed based on equivalent PFU (infectious
units). The stronger induction of ISGs for the P1 deopt in com-
parison to the WT virus may represent the outcome of using
5-fold-larger amounts of input viral RNA readily sensed by cellu-
lar innate receptors such as MDAD5. Alternatively, the utilization of
underrepresented codon pairs in the A12-P1 deopt virus may have
influenced the rate of translation, as previously reported for other
viruses (19-21). Even aslight reduction in the rate of LP*® synthesis
or in its catalytic activity (Fig. 3A) could have led to slower pro-
cessing of eIF4G and subsequently larger amounts of IFN and ISG
products available to limit virus replication and cause attenuation.
Furthermore, elegant biochemical assays have recently demon-
strated that codon usage influences the rate of translation or
cotranslational protein folding, potentially affecting protein func-
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tion (22). These hypotheses are all well suited to explain the results
obtained after deoptimizing the P1 region of FMDV A12.

It has also been hypothesized that altering the frequency of
CpG and UpA dinucleotides without modifying the encoded
amino acid sequence of a particular protein(s) may also play a role
in viral attenuation (23). Indeed, RNA viruses have, in general, a
low dinucleotide frequency (50, 51), and an increase in CpG or
UpA dinucleotide content in the genomes of picornaviruses re-
sults in variants that are debilitated in growth (17, 23) or nonvia-
ble (16). Comparative analysis of the viruses used in our studies
showed that the A12P1 deopt virus had an increased dinucleotide
frequency, and this might be one possible reason for the observed
attenuation; however, at this point, codon pair and dinucleotide
biases have not been functionally distinguished, and the topic re-
mains highly controversial (52, 53).

A12-P1 deopt virus was also attenuated in vivo. Using an FMD
mouse model (38), the 50% lethal dose (LDs5,) for the WT virus is
93,000 PFU However, even after inoculating a 1,000-fold-higher
dose of deoptimized virus, all mice survived. Interestingly, when
A12-P1 deopt-inoculated mice were further challenged with a le-
thal dose of homologous WT FMDYV, animals were completely
protected, no viremia was detected, and protection correlated
with a strong neutralizing antibody response. Lowering the initial
dose of inoculation (or vaccination) to 10°> PFU still resulted in
100% protection, leaving a remarkably desirable wide safety mar-
gin of at least 10,000-fold.

Attenuation was also detected in swine, an FMDV natural host.
Animals inoculated with doses of 10’ and 10> PFU of A12-P1
deopt did not show any clinical sign of disease, viremia, or virus
shedding, in contrast to animals inoculated with WT virus, which
developed severe disease at doses of 10> PFU/animal or less (13).
Only when A12-P1 deopt was used at doses 100-fold higher (10
PFU/pig) did it cause disease similar to that induced by 10° PFU of
WT virus. The levels of neutralizing Abs induced in all A12-P1
deopt-inoculated animals, even those inoculated with the lowest
dose, 10° PFU, were predictive of protection (11). In fact, animals
inoculated with as little as 10> PFU of A12-P1 deopt and chal-
lenged with 10° PFU of homologous virus did not show clinical
signs or develop detectable viremia (data not shown). Considering
the data obtained in mice, inoculation of swine or other livestock
species with lower virus doses, i.e., 10> or even 10' PFU/animal,
might be sufficient for inducing protection, thus highlighting the
potential use of these viruses as live attenuated strains for vaccine
production. However, more experiments are needed to determine
the actual ratio between the 50% infectious dose (IDs,) and the
50% protective dose (PDsj).

Sequence analysis of the entire viral genome from virus recov-
ered from the pigs inoculated with the highest dose of A12-P1
deopt revealed no additional mutations or reversion to the WT
virus sequence, and all 489 originally introduced nucleotide
changes were maintained. These results indicate that the attenu-
ated phenotype observed in the natural host is directly associated
with the changes introduced during the deoptimization process
that can determine reduced viral pathogenesis. Likewise, Arzt et al.
(31) have proposed that FMDV virulence in another livestock
species (cattle) is determined by replication dynamics and the
complex interactions between the virus and host innate immune
factors at the initial site of infection. However, further studies are
required to determine how stable the A12-P1 deopt virus is after
repeated passage in primary cell lines and different hosts.
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Our results demonstrate that the use of SAVE deoptimization
technology is a viable approach to develop attenuated FMDV
strains. These attenuated viruses could control a disease outbreak
very quickly, since these strains could potentially protect animals
as early as 2 days after vaccination, as demonstrated for other
attenuated FMDV mutant viruses (13). Furthermore, since atten-
uation is the result of nucleotide shuffling without changing the
amino acid sequence, reversion induced by selective immune
pressure is unlikely. Advancement of this technology sounds like
an appealing control strategy to be applied in areas where FMD is
enzootic to contribute to disease eradication.
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