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We previously demonstrated that the ability of foot-and-mouth disease virus (FMDV) to form plaques in cell
culture is associated with the suppression of alpha/beta interferon (IFN-a/b). In the present study, we used
Escherichia coli-expressed porcine and bovine IFN-a or -b individually to demonstrate that each was equally
effective in inhibiting FMDV replication. The block in FMDV replication appeared to be at the level of protein
translation, suggesting a role for double-stranded RNA-dependent protein kinase (PKR). In support of these
findings, treatment of porcine and bovine cells with 2-aminopurine, an inhibitor of PKR, increased the yield
of virus 8.8- and 11.2-fold, respectively, compared to that in untreated infected cells. In addition, results of
FMDV infection in mouse embryonic fibroblast cells derived from gene knockout mice lacking the gene for
RNase L2/2 or PKR2/2 or both indicated an important role for PKR in the inhibition of FMDV replication.

Alpha/beta interferon (IFN-a/b) is the first line of host cell
defense against virus infection. Virus-infected cells are induced
to express and secrete IFN-a/b, which primes neighboring cells
to a virus-resistant state via a series of events leading to acti-
vation of IFN-a/b-stimulated genes (ISGs) (8, 26). ISGs that
have been extensively characterized include the genes for double-
stranded RNA-dependent protein kinase (PKR), 29-59A
synthetase/RNase L, and Mx (26, 27). The products of these
genes affect viruses at different stages of their replication cycle,
and different viruses are susceptible to different ISG products
(8, 26).

Foot-and-mouth disease virus (FMDV) is a positive-stranded
RNA virus in the family Picornaviridae (22). Viral RNA is
translated into a polyprotein which is co- and posttranslation-
ally processed by virus-encoded proteinases into mature viral
proteins (22, 25). L proteinase, the first viral protein to be
translated, cleaves itself from the polyprotein at its carboxy
terminus (24). L proteinase also cleaves host translation initi-
ation factor eIF-4G resulting in the shutoff of host cap-depen-
dent mRNA translation (7, 10, 13, 15). Consequently, FMDV
RNA, which initiates translation in a cap-independent fashion
via an internal ribosome entry site (IRES) and does not re-
quire intact eIF-4G, can freely use the host protein synthesis
machinery for viral protein production (6, 10, 14, 20, 22).

In a recent study, it was proposed that L proteinase is an
FMDV virulence factor since its cleavage of eIF-4G suppresses
translation of IFN-a/b mRNA (6, 9). It was demonstrated that
FMDV infection induces IFN-a/b mRNA synthesis but the L
proteinase inhibits cap-dependent IFN-a/b mRNA translation.
The suppression of IFN-a/b protein production allows wild-
type (WT) FMDV (A12-IC) to rapidly grow and spread in host
cells, whereas a mutant FMDV lacking L proteinase (A12-

LLV2) grows poorly in cells capable of an IFN-a/b response.
The inhibitory effect of IFN-a/b on FMDV is further sup-
ported in this report. A pig kidney cell line (IBRS2), possessing
IFN-a/b genes which are not inducible by FMDV, became
resistant to both A12-IC and A12-LLV2 viruses when treated
with supernatant from secondary pig kidney (PK) cells con-
taining IFN-a/b or with Escherichia coli-expressed porcine
IFN-a or IFN-b. IFN-a/b treatment of IBRS2 cells resulted in
a block in FMDV protein synthesis, suggesting PKR involve-
ment. The PKR inhibitory effect was also demonstrated in
secondary cells from target species (PK and embryonic bovine
kidney [EBK] cells) by the use of the PKR inhibitor 2-amino-
purine (2-AP). The cellular IFN-inducible antiviral mechanism
involved in the inhibition of FMDV replication was further
investigated using ISG knockout mouse embryonic fibroblast
(EF) cells. The results indicate an important role for PKR in
host cell responses to FMDV infection.

MATERIALS AND METHODS

Cells and viruses. Baby hamster kidney (BHK-21) cells (clone 13) were used
to propagate virus stocks and to measure virus titers in plaque assays. Secondary
PK and EBK cells and IBRS2 cells were provided by the Animal Plant and
Health Inspection Service, National Veterinary Service Laboratory, Ames, Iowa,
and the Foreign Animal Disease Diagnostic Laboratory, Plum Island Animal
Disease Center, Greenport, N.Y. (11). Mouse EF cells derived from RNase L2,
PKR2, double-knockout, or wild-type C57BL/6J mice lacking Mx1 (RNase L2/2,
PKR2/2, RNase L2/2 PKR2/2, or WT) were provided by Robert H. Silverman
(27). RNase L2/2 PKR2/2 EF cells were referred to as triple deficient (TD) in
this report since they lacked all three major ISG components (27).

FMDV A12-IC was derived from the full-length serotype A12 infectious clone,
pRMC35 (21), and A12-LLV2 was derived from the infectious clone lacking the
Lb coding region, pRM-LLV2 (19). Heparan sulfate-binding FMDV chimeras
containing a serotype O1 capsid in an A12 background with or without L pro-
teinase (vCRM48-KGE or vLLCRM48-KGE, respectively), provided by Peter
W. Mason, were used in mouse cell experiments (1, 17, 23). In all assays, unless
indicated, the multiplicity of infection (MOI) used was based on titration in
BHK-21 cells.

IFN-a/b PCR and RT-PCR. PCR and reverse transcription-PCR (RT-PCR)
for IFN-a/b were performed using a previously described RT-PCR protocol and
porcine-specific primers (6). The same primers were also used in PCR with DNA
extracted from uninfected PK or IBRS2 cells to demonstrate the presence of the
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IFN-a/b genes. Sets of primers designed from the 59 ends, directly downstream
of the signal sequences, and the 39 ends of porcine and bovine IFN-a or IFN-b
sequence were used in PCR to amplify full-length IFN-a or IFN-b genes to
produce constructs for E. coli expression.

E. coli-expressed porcine and bovine IFN. mRNA was harvested from PK or
EBK cells infected with A12-LLV2 at 6 h postinfection (hpi) and amplified by
RT-PCR using IFN-a- or -b-specific primer sets for porcine or bovine species
and Pfu DNA polymerase (Stratagene, La Jolla, Calif.) for 20 to 25 cycles. PCR
products were cloned into the plasmid pCR-BluntII-TOPO (Invitrogen, Carls-
bad, Calif.) and subcloned into pET-15b (Novagen, Madison, Wis.) downstream
of a T7 promoter to produce pET-porcine-IFN-a or -b and pET-bovine-IFN-a
or -b. These IFN-containing plasmids were sequenced to confirm specificity and
used to transform BL21(DE3)-competent bacteria for high-level T7 promoter-
driven expression. The expression of IFN was induced with isopropyl-b-D-thio-
galactopyranoside (IPTG) and confirmed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) using reticulocyte lysate-expressed IFNs
obtained from an in vitro transcription and translation system (TNT kit; Pro-
mega, Madison, Wis.) as markers. Kinetics of IPTG induction for each protein
were analyzed and the time of maximal yield was used in later experiments.
These E. coli-expressed IFNs were acid-treated to pH 2.0, neutralized, and tested
for biological activity in a standard IFN assay as described below. As a control,
pET-15b containing the FMDV 3C proteinase coding region was expressed in E.
coli, treated as above, and tested in a standard IFN assay.

IFN assay. Cells were treated with supernatant containing IFN or E. coli-
expressed IFN for 16 to 24 h and then infected with A12-IC or A12-LLV2
viruses. Cells were overlaid with gum tragacanth at 1 hpi and stained for plaques
at 24 to 36 hpi (6).

Northern blot hybridization. IBRS2 cells were treated with PK supernatant
containing IFN-a/b for 16 h and infected at an MOI of 10 with A12-IC virus.
RNA was harvested at 1, 2, and 3 hpi using an RNeasy Mini Kit (Qiagen,
Valencia, Calif.) and run on a 1% formaldehyde agarose gel. RNA was trans-
ferred to a nylon membrane, fixed with UV light, and hybridized to a peroxidase-
labeled full-length FMDV probe from the plasmid pRMC35 (21), and the signal
was detected using a chemiluminescent technique (4).

Radioimmunoprecipitation assay. IBRS2 cells were treated with PK superna-
tant containing IFN-a/b for 16 h and infected at an MOI of 10 with A12-IC virus.
At 0.5, 1, 1.5, 2, 2.5, and 3 hpi, the supernatant was replaced with media without
methionine for 0.5 h and then cells were radiolabeled with [35S]methionine for
0.5 h. Cells were harvested, and the viral proteins or viral 3D and its precursor
proteins were detected in cell lysates by radioimmunoprecipitation using a con-
valescent-phase serum or polyclonal antibody against 3D, respectively, as de-
scribed previously (5).

Inhibition of PKR activity by 2-AP. PK or EBK cells were mock treated or
treated with 2-AP at a concentration of 10 or 3 mM, respectively, for 4 h prior
to infection (12). PK or EBK cells were infected with A12-IC or A12-LLV2 at an
MOI of 0.05 (based on PK or EBK titer) for 1 h and treated with 150 mM NaCl
and 20 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6.0, to inactivate
free virus and then were incubated with minimum essential medium in the
absence or presence of 2-AP for 24 h. Supernatant samples were collected at 1
and 24 hpi for titration on BHK-21 cells.

Virus growth in cells from ISG knockout mice. RNase L2/2, PKR2/2, TD, or
WT EF cells were infected with heparan sulfate binding vCRM48-KGE and
vLLCRM48-KGE viruses at an MOI of 1 (equivalent to an MOI of 0.1 in EF
cells as measured by an infective-center assay [6]). At 1 hpi, cells were treated
with MES. Viruses were harvested at 1 and 24 hpi and titrated on BHK-21 cells,
and the increase of titer over 24 h was determined as virus growth for each cell
type. Two independent experiments were performed and the ratio of the growths
of vLLCRM48-KGE and vCRM48-KGE in each cell type was reported as a
percentage.

RESULTS

Expression of porcine and bovine IFN-a and -b. It had
previously been shown that supernatant containing porcine or
bovine IFN-a/b inhibited FMDV replication (6). To more
directly study the effects of IFN-a and -b on FMDV replica-
tion, we amplified and cloned these IFN genes from PK and
EBK cells using primers with consensus sequences specific to
IFN-a and -b for each species. A clone of each IFN was
sequenced and expressed in E. coli using the pET system (Fig.
1). At maximal induction, bovine IFN-a and -b and porcine

IFN-a were expressed at similar levels, while porcine IFN-b
was expressed at lower levels (Fig. 1). When treated at pH 2.0,
serially diluted, and tested for biological activity, porcine and
bovine IFN-a or -b produced similar inhibitory effects on
FMDV replication in cells from homologous species including
a pig kidney cell line (IBRS2) and EBK cells (Table 1). How-
ever, the control E. coli-expressed FMDV protein 3C had no
inhibitory effect on virus replication (data not shown). Ex-
pressed porcine and bovine IFN-a or -b also had similar anti-
viral activities against vesicular stomatitis virus, encephalomyo-
carditis virus (EMCV), and classical swine fever virus (data not
shown). In addition, we found that, unlike bovine IFN-b, por-
cine and bovine IFN-a and porcine IFN-b could inhibit FMDV
replication in cells from the other species (Table 1).

Complementation of IBRS2 cells with IFN-a/b. In cell cul-
tures, which produce and respond to IFN-a/b, including sec-
ondary PK, EBK, and lamb kidney cells, A12-LLV2 infection
results in slower virus growth and yields titers lower than those
of A12-IC, and the virus is unable to form plaques (6). Here,
we demonstrate that A12-LLV2 can spread to form plaques in
the pig kidney cell line IBRS2 (Fig. 2A). To identify factors
which contribute to the difference in A12-LLV2 resistance
between PK and IBRS2 cells, RNA was harvested from A12-
IC, A12-LLV2, or mock-infected cells at 6 hpi, treated with

FIG. 1. Expression of bovine and porcine IFN-a or -b in E. coli.
Lysates of BL21(DE3) cells containing bovine and porcine pET-IFN-a
or -b (bIFN-a or -b and pIFN-a or -b), respectively, were collected at
0, 1.5, or 3 h after IPTG induction, run on an SDS-PAGE (15%
acrylamide) and stained with Coomassie blue. Arrows indicate induced
IFN proteins. Lanes M, protein molecular mass markers in kilodaltons.

TABLE 1. Inhibitory effects of E. coli-expressed IFN on FMDV
replication

Cytokine

Highest dilution that reduced FMDV
plaque no. by 50% in:

EBK cells IBRS2 cells

Bovine IFN-a 1:8,100 1:3,200
Bovine IFN-b .1:8,100 –a

Porcine IFN-a .1:8,100 .1:8,100
Porcine IFN-b 1:1,600 1:4,050

a –, less than 1:100.
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DNase I to eliminate DNA contamination, and used in IFN-
a/b RT-PCRs (Fig. 2B). DNA was also extracted from unin-
fected PK and IBRS2 cells and was used to confirm the pres-
ence of intact IFN-a/b genes. We found that both PK and
IBRS2 cells had intact IFN-a/b genes. However, upon FMDV
infection, IFN-b was induced only in PK cells (Fig. 2B). Thus,
the lack of IFN mRNA expression in IBRS2 cells correlated
with the ability of A12-LLV2 to form plaques in this cell line
(Fig. 2A). Resistance to A12-LLV2 could be introduced into
IBRS2 cells by complementing cells with A12-LLV2-infected
PK supernatant containing IFN-a/b or E. coli-expressed por-
cine IFN-a or -b (Fig. 3), suggesting that IBRS2 cells had a
defect in IFN-a/b induction.

Effects of IFN-a/b on FMDV RNA and protein syntheses in
IBRS2 cells. To examine the step(s) in FMDV replication
affected by IFN-a/b, IBRS2 cells were treated overnight with
IFN-a/b and infected with A12-IC. The syntheses of FMDV
RNA and protein were analyzed by Northern blot hybridiza-
tion and immunoprecipitation, respectively. In untreated
IBRS2 cells, newly synthesized A12-IC full-length RNA was
initially detected between 1 and 2 hpi (Fig. 4). Treatment of
IBRS2 cells with PK supernatant containing IFN-a/b prior to
A12-IC infection delayed viral RNA synthesis to between 2
and 3 hpi, although there was still a significant amount of viral
RNA produced by 3 hpi. In IFN-a/b-pretreated cells, produc-
tion of viral protein 3D and its precursors was both delayed
from 1 or 1.5 hpi to 2 or 2.5 hpi and significantly inhibited
compared to that of mock-treated cells (Fig. 4B). Similar re-
sults were obtained using a convalescent-phase serum that
detected an array of FMDV structural and nonstructural pro-
teins (data not shown). Thus, in IFN-a/b-pretreated cells, the
increased amount of A12-IC RNA observed between 2 to 3 hpi

was not paralleled by an increased amount of viral protein
production even up to 4 hpi. In contrast, in the absence of
IFN-a/b treatment, the increase in viral protein production did
parallel the increased amount of viral RNA.

PKR effect in IFN-a/b-competent PK and EBK cells. The
results from the IBRS2 cell experiment suggested that IFN-a/b
pretreatment blocked translation of FMDV RNA, implicating
a possible role for PKR. However, priming cells overnight with
IFN-a/b prior to infection with FMDV may not accurately
reflect the situation of a viral infection in which cells are in-
fected before IFN-a/b induction. Since A12-LLV2 infection of
PK and EBK cells results in expression and secretion of IFN-
a/b, an experiment was performed without IFN pretreatment.
IFN-a/b-competent PK and EBK cells were infected with A12-
LLV2 at an MOI of 0.05 (based on the PK or EBK titer), to
allow IFN-a/b produced in initially infected cells to induce an
antiviral state in neighboring uninfected cells, and the impact

FIG. 3. Plaque assay on IBRS2 cells. Cells were treated for 16 h
with supernatant from mock-infected PK (A) or A12-LLV2-infected
PK containing IFN-a/b (B) or with E. coli-expressed porcine IFN-a
(C) or IFN-b (D) and then infected with approximately 100 PFU of
A12-LLV2. Cells were overlaid and stained at 36 h postinoculation.

FIG. 4. Synthesis of FMDV full-length RNA and protein. IBRS2
cells were treated for 16 h with supernatant from A12-LLV2-infected
PK cells containing IFN-a/b (1) or mock-infected PK cells (2) and
infected at an MOI of 10 with A12-IC virus. (A) RNA was harvested
at 1, 2, and 3 hpi and run on a 1% formaldehyde agarose gel. RNA was
transferred to a nylon membrane and hybridized to a peroxidase-
labeled full-length FMDV probe, and the signal was detected using a
chemiluminescent technique. The arrow indicates full-length FMDV
RNA. (B) [35S]methionine-labeled proteins were harvested at 1.5, 2,
2.5, 3, 3.5, and 4 h postinoculation, immunoprecipitated using a poly-
clonal antibody against FMDV nonstructural protein 3D, and analyzed
on an SDS-PAGE (15% acrylamide). Arrows indicate 3D and precur-
sors. Lane c, A12-IC-infected IBRS2 lysate immunoprecipitated with
3D antiserum.

FIG. 2. (A) Plaque formation ability of A12-LLV2 on PK or
IBRS2 cells. Cells were infected with approximately 100 PFU of A12-
LLV2, overlaid, and stained at 36 h postinoculation. (B) Induction of
IFN-a or IFN-b mRNA in PK or IBRS2 cells. Cells were infected with
A12-IC, A12-LLV2, or mock infected for 6 h and used in RT-PCR as
described in Materials and Methods. Aliquots from RT reactions were
used in three separate PCR assays with IFN-a, IFN-b, and b-actin
primers. DNA from uninfected PK or IBRS2 cells was used in PCR
assays as target controls. IFN-a, IFN-b, and b-actin RT-PCR products
are 379, 452, and 890 bp, respectively. Lanes MW, 1-kb-ladder DNA
molecular weight markers.
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of PKR on FMDV replication was determined using the PKR
inhibitor 2-AP. Various concentrations (30, 10, and 3 mM) of
2-AP were tested on PK and EBK cells prior to the experi-
ments to determine the amount that was not toxic to each cell
type. PK and EBK cells were infected in the presence or
absence of 2-AP. The titers at 24 hpi showed that 2-AP treat-
ment at 10 and 3 mM concentrations increased the yield of
A12-LLV2 in PK and EBK cells 8.8- and 11.2-fold, respec-
tively, compared to the yield for untreated infected cells (from
4 3 102 to 3.5 3 103 PFU/ml in PK cells and from 2.5 3 102 to
2.8 3 103 PFU/ml in EBK cells). In contrast, 2-AP treatment
increased the yield of A12-IC in PK cells only 2.3-fold (from
1.9 3 105 to 4.4 3 105 PFU/ml) and did not enhance replica-
tion in EBK cells (from 1.6 3 105 to 2.5 3 104 PFU/ml).

FMDV resistance is PKR and RNase L dependent. To fur-
ther characterize the IFN-induced antiviral defense that is
responsible for the inhibition of FMDV replication, EF cells
derived from ISG knockout mice were infected with WT
FMDV or FMDV lacking the gene for L proteinase (“L-de-
leted FMDV”). Since FMDV A12 (A12-IC and A12-LLV2),
which attaches to cells via the integrin avb3 (2, 17), could not
productively infect mouse cells, we used another pair of genet-
ically similar FMD viruses which attach to cells by binding to
heparan sulfate and could productively infect EF cells. The
yield of WT FMDV in these cells was approximately 104 to 105

PFU/106 cells at 24 hpi. The heparan sulfate-binding WT
FMDV (vCRM48-KGE) and its L proteinase-deleted deriva-
tive (vLLCRM48-KGE) are chimeric viruses containing the
capsid coding region from serotype O1 Campos in A12-IC and
A12-LLV2 genetic backgrounds, respectively (1, 17, 23). The
EF cells were infected with vCRM48-KGE or vLLCRM48-
KGE virus at a low MOI (see Materials and Methods), and the
yield of each virus was determined at 24 hpi. Three types of EF
cells derived from ISG knockout mice, all of which are lacking
Mx1, were used, including PKR2/2, RNase L2/2, and TD
(PKR2/2 RNase L2/2) cells (27). As expected, vLLCRM48-
KGE virus yielded a titer which was only 3% of the vCRM48-
KGE virus titer at 24 hpi in WT EF cells that contained both
PKR and RNase L (Fig. 5). vLLCRM48-KGE virus yielded
titers which were 76 or 19% of vCRM48-KGE virus titers in
cells which were either PKR or RNase L deficient, respectively
(Fig. 5). However, in TD cells, both viruses grew to similar
titers (the vLLCRM48-KGE titer was 91% of the vCRM48-
KGE titer) (Fig. 5). These results demonstrated that the pres-
ence of PKR significantly reduced the yield of vLLCRM48-
KGE virus, while RNase L had a lesser effect.

DISCUSSION

FMDV L proteinase shuts off host cap-dependent mRNA
translation, thus allowing the virus to use the host cell protein
synthesis machinery with little competition (6, 7, 9, 10, 13, 15,
20, 22). In a previous report, it was demonstrated that by
utilizing this strategy, FMDV suppresses IFN-a/b protein pro-
duction, resulting in rapid virus growth and spread (6). In
contrast, the infectivity of an L-deleted virus, A12-LLV2,
which does not have the ability to shut off IFN-a/b protein
production, was profoundly restricted in IFN-a/b-competent
cells such as PK and EBK cells (6).

In this study, we demonstrate that FMDV growth can be

artificially suppressed in a cell line, IBRS2, that cannot be
induced to express IFN-a/b mRNA by complementation with
IFN-a/b proteins. We also demonstrate that IFN-a of porcine
or bovine origin and porcine IFN-b could exert an inhibitory
effect on FMDV in cells from homologous and heterologous
species, whereas bovine IFN-b exerted its effect only on bovine
cells.

IFN-a/b presumably inhibits FMDV by binding to the IFN-
a/b receptor and initiating a series of events leading to the
activation of ISGs within these cells. The three most exten-
sively studied ISG components include PKR, 29-59A syn-
thetase/RNase L, and Mx. EMCV, another picornavirus, has
been shown to be susceptible to the 29-59A synthetase RNase
L pathway (26), although a role for PKR in the inhibition of
EMCV replication was also demonstrated by constitutive ex-
pression of human PKR in mouse cells or by experiments in EF
cells derived from ISG knockout mice (16, 27). Analysis of viral
protein and RNA syntheses in infected IBRS2 cells showed
that IFN-a/b treatment significantly inhibited viral protein syn-
thesis even in the presence of newly synthesized viral RNA,
suggesting the involvement of PKR in translation shutoff that
blocked virus replication. A slower rate of viral RNA synthesis
in IFN-a/b-treated cells could be due either to reduced levels
of the viral RNA polymerase (3D) (demonstrated in Fig. 4B)
because of translation inhibition (possibly by PKR) or to RNA
degradation by the 29-59A synthetase RNase L pathway. How-
ever, we have not been able to detect FMDV RNA degrada-
tion by either Northern blot hybridization or sucrose gradient
analysis (data not shown).

Utilizing our WT and L-deleted mutant pair system, we were
able to demonstrate the significance of these ISGs in FMDV
suppression in secondary PK and EBK cells and EF cells with-
out the need to preexpose cells to IFN-a/b, thereby avoiding
induction of ISGs prior to virus infection. We utilized a PKR
inhibitor, 2-AP, which has been shown to inhibit activation of

FIG. 5. Growth of FMDV on EF cells. WT, RNase L2/2, PKR2/2

or TD EF cells were infected with vCRM48-KGE or vLLCRM48-KGE
virus at a low MOI. At 1 hpi, cells were treated with MES. Viruses
were harvested at 1 and 24 hpi, titrated on BHK-21 cells, and the
increase of titer over 24 h was determined as virus growth. The ratio of
the growths of vLLCRM48-KGE and vCRM48-KGE in each cell type
was reported as a percentage.
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PKR (12). 2-AP treatment increased the yield of L-deleted
FMDV 8.8- and 11.2-fold in PK and EBK cells, respectively. A
similar result was also reported by 2-AP treatment of HeLa
cells infected with a poliovirus 2Apro mutant that, similar to
L-deleted FMDV, does not cleave eIF-4G and thus does not
shut off host protein synthesis (18). As expected, 2-AP treat-
ment had little or no effect on WT FMDV infection. The
significance of PKR and/or 29-59A synthetase RNase L in the
inhibition of FMDV replication was further investigated in EF
cells derived from ISG knockout mice. In this experiment,
approximately 10% of cells were initially infected and the in-
fection continued for 24 h. We demonstrated that IFN-a/b
mRNA expression was inducible in EF cells by WT and L-
deleted FMDV infections (data not shown) and we expected to
observe the impact of ISGs in L-deleted FMDV infection
because of the translation of IFN-a/b mRNA. The yield of
L-deleted FMDV was compared to WT FMDV in a percent-
age format to allow a relative quantitation of the involvement
of each ISG product in the inhibition of virus replication. In
WT EF cells, L-deleted viruses grew 33-fold more poorly than
the L-expressing viruses, but in EF cells derived from PKR
gene knockout mice, the L-deleted viruses grew almost as well
as L-expressing viruses. Thus, PKR exerts a significant effect
on FMDV suppression. Similarly, the role of RNase L was
examined using this virus pair in EF cells derived from RNase
L gene knockout mice, but the impact of RNase L may not be
accurately assessed in this study because the 29-59A synthetase
RNase L system is relatively weak in these cells (27). Never-
theless, our results indicated that PKR and 29-59A synthetase
RNase L were mainly responsible for the inhibition of L-
deleted FMDV replication. However, the effect of the Mx
pathway on FMDV infection could not be determined with this
system.

Picornaviruses “take over” cellular macromolecular synthe-
sis by inactivating host cap-dependent protein synthesis and
utilizing viral IRES-dependent translation. Therefore, for in-
fected TD cells, in which all of the three major ISG compo-
nents are absent, we hypothesized that WT virus infection
would result in higher virus yields than L-deleted virus infec-
tion because of translation competition between cellular mRNAs
and viral RNAs in L-deleted virus infected cells. Surprisingly,
the growth of the L-deleted virus in TD cells approached that
of WT virus (Fig. 5). This suggests that translation competition
has only a small inhibitory effect on the growth of the L-deleted
virus in TD cells and/or that other ISGs also have only a minor
role in the suppression of FMDV replication.

We have demonstrated that, in FMDV infection of cells in
culture, the main effect of host protein synthesis shutoff by the
FMDV L proteinase is the suppression of the primary antiviral
response. It is apparent that if host cells are allowed to express
and secrete IFN-a/b, as observed with L-deleted FMDV in-
fection, then PKR and, to some degree, 29-59A synthetase
RNase L pathways will have an inhibitory effect on FMDV.
PKR exerts its effect by phosphorylating eIF2a, thereby inhib-
iting protein translation of not only host-capped mRNA but
also viral IRES-regulated mRNA.

As we have previously shown, L-deleted FMDVs are atten-
uated in their natural hosts, including swine and bovines (1, 3,
5, 14). Their attenuation appears related to the inability to
block synthesis of cytokines such as IFN-a/b due to the ab-

sence of L proteinase activity. Thus, the identification of in-
hibitors of L proteinase or of ISG products, such as PKR, may
be useful in developing antiviral strategies to block the spread
and shedding of FMDV in infected animals.
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