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We have previously shown that the leader proteinase (L") of foot-and-mouth disease virus (FMDYV)
interferes with the innate immune response by blocking the translation of interferon (IFN) protein and by
reducing the immediate-early induction of beta IFN mRNA and IFN-stimulated genes. Here, we report that
LP™ regulates the activity of nuclear factor kB (NF-kB). Analysis of NF-kB-dependent reporter gene expres-
sion in BHK-21 cells demonstrated that infection with wild-type (WT) virus has an inhibitory effect compared
to infection with a genetically engineered mutant lacking the leader coding region. The expression of endog-
enous NF-kB-dependent genes tumor necrosis factor alpha and RANTES is also reduced in WT virus-infected
primary porcine cells. This inhibitory effect is neither the result of a decrease in the level of the mRNA of
p65/RelA, a subunit of NF-kB, nor a block on the nuclear translocation of p65/RelA, but instead appears to be
a consequence of the degradation of accumulated p65/RelA. Viral LP™ is localized to the nucleus of infected
cells, and there is a correlation between the translocation of LP™ and the decrease in the amount of nuclear
p65/RelA. By using a recombinant cardiovirus expressing LP™°, we demonstrate that the disappearance of
p65/RelA takes place in the absence of any other FMDV product. The observation that LP™ disrupts the
integrity of NF-kB suggests a global mechanism by which FMDYV antagonizes the cellular innate immune and

inflammatory responses to viral infection.

Foot-and-mouth disease virus (FMDV) is the prototype
member of the Aphthovirus genus within the family Picorna-
viridae and is the causative agent of foot-and-mouth disease,
one of the most devastating viral diseases that affect wild and
domestic cloven-hoofed animals including pigs and cattle (23).
FMDV contains a single-stranded, positive-sense RNA ge-
nome of approximately 8,500 nucleotides surrounded by an
icosahedral capsid composed of 60 copies each of four struc-
tural proteins. Upon infection, the viral RNA is translated as a
single, long polyprotein that is cotranslationally processed by
virally encoded proteinases into the four structural proteins
VP1 (1D), VP2 (1B), VP3 (1C), and VP4 (1A) and eight
nonstructural proteins that function in various aspects of the
replication cycle: leader (LP*°), 2AP™°, 2B, 2C, 3A, 3B, 3CP™,
and 3DP°' (52). LP™, the first protein to be translated, is a
papain-like proteinase (33, 47, 51, 57) that, in addition to
self-cleavage from the polyprotein precursor (58), also cleaves
the host translation initiation factor eIF-4G, resulting in the
shutoff of host cap-dependent mRNA translation, a character-
istic of most picornavirus infections (20, 32, 41). Since FMDV
mRNA is translated by a cap-independent mechanism that
utilizes an internal ribosome entry site and does not require
intact elF-4G, the virus takes over the host cell protein syn-
thesis machinery for its own benefit to produce virus progeny
(4, 36).

We have previously shown that LP™ plays a role in FMDV
pathogenesis. A genetically engineered virus lacking the LP™
coding region, leaderless virus (47), was highly attenuated in
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both cattle and swine (12, 40), and, after aerosol infection of
cattle, it did not spread systemically beyond the initial site of
infection in the lungs (7). Studies in vitro, however, resulted in
different phenotypes depending on the cell type used for anal-
ysis. Data for leaderless virus infection of primary/secondary
porcine, bovine, or ovine cells resembled the results of animal
studies with limited cytopathic effects, significantly lower virus
yields, and the absence of plaque formation in comparison to
wild-type (WT) virus infection (11, 12, 14). In contrast, in
BHK-21 or IBRS-2 cells, typical cell lines used for the propa-
gation of FMDV, leaderless virus grew almost as well as WT
virus. Further studies demonstrated that supernatants of lead-
erless virus-infected primary cells contained higher levels of
antiviral activity than supernatants from WT virus-infected
cells, and this activity was type I interferon (IFN) (alpha/beta
IFN [IFN-a/B]) specific (14). Utilizing mouse embryonic fibro-
blasts, we showed that two IFN-a/B-stimulated genes (ISGs),
double-stranded RNA-dependent protein kinase (PKR) and
RNase L, are involved in the inhibition of FMDYV replication
(11). These results suggested that LP™ blocks the innate im-
mune response to virus infection in primary cells and suscep-
tible animals by inhibition of host mRNA translation, including
IFN-o/8 mRNAs (5). The absence of LP™ in leaderless virus
results in an attenuated phenotype in IFN-competent cells.
Analyses of IBRS-2 and BHK-21 cell lines indicated that they
both harbor either an impairment in type I IFN production or
the IFN response, and therefore, they do not allow a clear
phenotypic differentiation between WT and leaderless viruses
(24). We further demonstrated that WT FMDYV replication is
inhibited by the pretreatment of cells with IFN-a/B, suggesting
that FMDV cannot overcome the antiviral effects once ISG
products are expressed (11).

More recently, we have examined the effect of WT and
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leaderless virus infection on the induction of host IFN-a/B
mRNA in primary cells (18). We demonstrated that in addition
to inhibiting IFN-a/B protein synthesis, LP™ interferes with the
early induction of mRNAs including IFN-B and the ISGs 2',5'-
oligoadenylate synthetase, PKR, and Mx1. The addition of
cycloheximide prevented the inhibition of IFN-B mRNA ex-
pression in WT but not in leaderless virus-infected cells, a
result that was consistent with the hypothesis that a viral prod-
uct, e.g., LP™, is required for the inhibition of mRNA expres-
sion. Thus far, our data suggest that LP"® down-regulates the
innate immune response to FMDYV infection by blocking IFN
production at both the transcriptional and translational levels.

In most cells, the early expression of IFN-B is tightly regu-
lated by the coordinated activation of latent transcription fac-
tors at the IFN-B enhancer, including nuclear factor kB (NF-
kB), IFN regulatory factor 3 (IRF3), IRF7, and the activating
transcription factor 2/cellular Jun protein complex (ATF2/
cJun, also named AP-1) (31). NF-kB acts as a molecular sensor
that responds to a wide variety of changes in the environment,
including those caused by viral infection (6, 26). For example,
cytomegalovirus, human immunodeficiency virus, rhinovirus,
Theiler’s murine encephalomyelitis virus (TMEV), and mea-
sles virus, among others, have been reported to activate NF-«kB
and induce an inflammatory and/or antiviral response (19, 27,
35, 45, 46). NF-«kB belongs to a conserved family of proteins
that form multiple homo- and heterodimers with transcrip-
tional activity (21). In most cell types, NF-kB dimers are re-
tained in the cytoplasm by their interaction with specific inhib-
itors known as IkBs. The recognition of pathogen-associated
molecular patterns such as double-stranded RNA (dsRNA),
single-stranded RNA, lipopolysaccharide, or CpG oligonucle-
otides by membrane-associated receptors (Toll-like receptors)
and cytoplasmic sensors (retinoic acid-inducible gene I, mela-
noma differentiation-associated gene 5, and PKR) leads to a
series of events resulting in the ubiquitination and proteosomal
degradation of the IkB subunit. NF-kB is then released and
translocates to the nucleus, activating the transcription of
genes involved in innate and adaptive immunity (37, 59).

In this study, we found that infection with leaderless virus
resulted in significantly higher levels of NF-kB activity than
infection with WT virus. At early stages of FMDYV infection,
NF-«B was activated and translocated into the nucleus, but at
later times, the p65/RelA subunit of NF-kB disappeared only
in WT virus-infected cells, suggesting a role of LP™ in this
activity. We observed that the disappearance of p65/RelA from
the nuclei of infected cells correlated with the translocation of
LP™ into this compartment and that LP™, in the absence of
other FMDYV proteins, was able to cause p65/RelA degrada-
tion. Our results suggest that LP*-dependent degradation of
NF-kB may constitute another global strategy by which FMDV
counteracts the immune response.

MATERIALS AND METHODS

Cells and viruses. Secondary porcine kidney (PK) cells were provided by the
Animal, Plant, and Health Inspection Service, National Veterinary Service Lab-
oratory, Ames, IA, or prepared by Juan Pacheco, Plum Island Animal Disease
Center. The porcine kidney IBRS-2 cell line was obtained from the Foreign
Animal Disease Diagnostic Laboratory at the Plum Island Animal Disease Cen-
ter. All porcine cells were maintained in minimal essential medium (MEM;
GIBCO BRL, Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum and
supplemented with 1% antibiotics and nonessential amino acids. BHK-21 cells
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(baby hamster kidney cells strain 21, clone 13; ATCC CL10) obtained from the
American Type Culture Collection (ATCC) (Rockville, MD) were used to prop-
agate virus stocks, to measure virus titers, and for transfection experiments to
determine reporter gene activity. BHK-21 cells were maintained in MEM con-
taining 10% calf serum and 10% tryptose phosphate broth supplemented with
1% antibiotics and nonessential amino acids. Cell cultures were incubated at
37°C in 5% CO,.

FMDV A12-IC (WT virus) was generated from the full-length serotype A12
infectious clone pRMC35 (50), and A12-LLV2 (leaderless virus) was derived
from an infectious clone lacking the Lb coding region, pRM-LLLV2 (47). Vi-
ruses were concentrated by polyethylene glycol precipitation, titers were deter-
mined using BHK-21 cells, and virus was stored at —70°C. TMEV and a chimeric
TMEY containing the Lb coding region of FMDV A12 (TMEV-Lb) were con-
structed as previously described and grown in BHK-21 cells (48).

FMDYV infection. Porcine cell monolayers in six-well plates were infected, in
duplicate, with A12-IC and A12-LLV?2 at the indicated multiplicity of infection
(MOI) for 1 h at 37°C. After adsorption, cells were rinsed and incubated with
MEM at 37°C. For indirect immunofluorescence analyses, unabsorbed virus was
removed by washing the cells with 150 mM NaCl-20 mM morpholineethanesul-
fonic acid (pH 6.0) before MEM was added. To neutralize the IFN-o/B protein
expressed and secreted by infected cells, neutralizing antibodies were added to
the culture medium. Mouse monoclonal K17 antibody (PBL Biomedical Labo-
ratories, Piscataway, NJ) was used for IFN-a. For IFN-B, a polyclonal antibody
was obtained by the direct inoculation of rabbits with a replication-defective
human adenovirus containing the gene for porcine IFN-B (13).

Analysis of mRNA. A quantitative real-time reverse transcription-PCR (RT-
PCR) assay was used to evaluate the mRNA levels of porcine IFN-B, RelA,
tumor necrosis factor alpha (TNF-a), and RANTES and viral genome RNA.
RNA was extracted from monolayers of PK or BHK-21 cells (FMDYV infected,
mock infected, or treated with 10 pg/ml poly(I:C) in the presence of Lipo-
fectamine 2000 [Invitrogen]) by using an RNeasy Mini kit (QIAGEN, Valencia,
CA). Approximately 1 pg of RNA was treated with DNase I (Sigma, St. Louis,
MO) and was used to synthesize cDNA with Moloney murine leukemia virus
reverse transcriptase (Invitrogen) and random hexamers according to the man-
ufacturer’s directions. An aliquot (1/40) of the cDNA was used as a template for
real-time PCR using TagMan Universal PCR master mix (Applied Biosystems,
Foster City, CA). Primers and TagMan minor groove binding (MGB) probes
were designed with Primer Express software v.1.5 (Applied Biosystems). Forward
and reverse primers were purchased from Invitrogen, and the 6-carboxyfluorescein-
labeled TagMan MGB probes were purchased from Applied Biosystems. An 18S
rRNA kit (Applied Biosystems) or porcine glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as an internal control to normalize the values for each
sample. The sequences for the primers and probes are listed in Table 1. Reactions
were performed using an ABI Prism 7000 sequence detection system (Applied
Biosystems).

Reporter gene expression assays. BHK-21 cells were cotransfected with pNF-
kB-LUC (Stratagene, La Jolla, CA), pRL-TK (Promega, Fitchburg, WI), and
Lipofectamine 2000 (Invitrogen) according to the manufacturers’ directions.
Twenty-four hours posttransfection the cells were infected or treated with
poly(I:C)-Lipofectamine 2000 accordingly. Firefly and Renilla luciferase activi-
ties were determined using a dual-luciferase reporter assay system (Promega)
according to the manufacturer’s directions, and readings were performed using
a GloMax 96 microplate luminometer (Promega).

Western blot analysis. Whole-cell extracts were prepared by adding NuPAGE
(Invitrogen) lithium dodecyl sulfate sample buffer to the monolayers. To prepare
cytoplasmic and nuclear cell fractions, low-salt lysis buffer (10 mM HEPES [pH
7.9], 10 mM NaCl, 3 mM MgCl,, 0.5% NP-40) was added to the monolayers,
followed by scraping and incubation on ice for 20 min. After centrifugation for
10 min at 6,000 X g, supernatants were kept as cytoplasmic extracts, and pellets
were washed with low-salt lysis buffer and resuspended in high-salt lysis buffer
(20 mM HEPES [pH 7.9], 25% glycerol, 0.42 M KCI, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM dithiothreitol), followed by 5 s of sonication at medium power in
a Microsom XL2005 apparatus (Heat System, Farmingdale, NY). Clarified su-
pernatants were kept as nuclear fractions. Proteins were resolved in 10% Nu-
PAGE Novex Bis-Tris gels (Invitrogen), transferred onto polyvinylidene difluo-
ride membranes, and detected by Western blotting using an Immun-Star HRP
chemiluminescent kit (Bio-Rad, Hercules, CA) according to the manufacturer’s
directions. NF-kB-p65/RelA was detected using antibody SC 8008 (Santa Cruz
Biotechnology, Santa Cruz, CA) or Ab-1 RB-1638 (NeoMarkers; Lab Vision,
Freemont, CA), viral protein VP1 was detected using mouse monoclonal anti-
body 6HC4 (2), LP™ was detected with rabbit polyclonal antibody raised against
bacterially expressed recombinant protein (48), a-tubulin was detected with Ab-2
MS-581 (clone DM1A, NeoMarkers; Lab Vision), fibrillarin was detected with
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TABLE 1. Oligonucleotide primer and probe sequences for real-time RT-PCR

DEGRADATION OF NF-kB DURING FMDV INFECTION 12805

Gene Primer and probe set® Sequence GenBank accession no.”
FMDV? FMDV F ACTGGGTTTTACAAACCTGTGA
FMDV R GCGAGTCCTGCCACGGA
FMDV T TCCTTTGCACGCCGTGGGAC
GAPDH Porcine GAPDH-327F CGTCCCTGAGACACGATGGT AF017079
Porcine GAPDH-380R CCCGATGCGGCCAAAT
Porcine GAPDH-348T AAGGTCGGAGTGAACG
IFN-B Porcine IFN-B-11F AGTGCATCCTCCAAATCGCT M86762
Porcine IFN-B-69R GCTCATGGAAAGAGCTGTGGT
Porcine IFN-B-32T TCCTGATGTGTTTCTC
RANTES Porcine RANTES-54F TGGCAGCAGTCGTCTTTATCA F14636
Porcine RANTES-125R CCCGCACCCATTTCTTCTC
Porcine RANTES-101T TGGCACACACCTGGCGGTTCTTTC
po5/RelA Porcine RelA-786F GGAACACGATGGCCACTTG Homologene 32064/
Porcine RelA-881R AAGAGGACATCGAGGTGTATTTCAC NMO021975
Porcine RelA-825T AAAAGGAGCCTCGGGCCTCCCA
TNF-a Porcine TNF-a-338F TGGCCCCTTGAGCATCA NM?214022

Porcine TNF-a-405R
Porcine TNF-a-356T

CGGGCTTATCTGAGGTTTGAGA
CCCTCTGGCCCAAGGACTCAGATCA

“ NCBI GenBank accession number.
b Primers and probe were obtained from reference 9.

¢F, forward primer; R, Reverse primer; T, TagMan 6-carboxyfluorescein-MGB probe.

ab4566 (clone 38F3; Abcam, Cambridge, MA), and TATA binding protein
(TBP) was detected with ab818 (clone 1TBP18; Abcam). Monoclonal antibody
against TMEV VP1 (DAmADb2) was provided by Ray Roos, University of
Chicago.

Indirect immunofluorescence. Subconfluent monolayers of cells prepared in
12-mm glass coverslips were infected with FMDV at an MOI of 10 or treated
with 25 pg/ml poly(I:C)-Lipofectamine 2000 for the indicated times. Cells were
fixed in 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 (Sigma) in
phosphate-buffered saline (PBS), blocked with blocking buffer (PBS, 2% bovine
serum albumin, 5% normal goat serum, 10 mM glycine), and then incubated
overnight at 4°C with the respective primary antibodies. Alexa Fluor 488 (exci-
tation wavelength of 494 nm and emission wavelength of 517 nm)- and Alexa
Fluor 594 (excitation wavelength of 590 nm and emission wavelength of 617 nm)
(Molecular Probes, Invitrogen)-conjugated secondary antibodies were used for
detection. Nuclei were visualized by DAPI (4',6'-diamidino-2-phenylindole) (ex-
citation wavelength of 345 nm and emission wavelength of 455 nm) included in
the mounting medium (Vector Laboratories, Burlingame, CA). Cells were ex-
amined using an Olympus BX40 fluorescence microscope, and pictures were
taken with a DP-70 digital camera and DP-BSW v2.2 software (Olympus Amer-
ica, Central Valley, PA).

Detection of apoptosis. Apoptosis was evaluated by the terminal deoxynucleo-
tidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) method us-
ing a POD in situ cell death detection kit (Roche Applied Sciences, Indianapolis,
IN) according to the manufacturer’s directions. Monolayers of mock- or FMDV-
infected cells in 12-mm glass coverslips were fixed with 4% paraformaldehyde,
washed with PBS, treated with 0.3% hydrogen peroxide in methanol for 15 min
at room temperature for quenching the endogenous peroxidase activity, and
permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate before staining.
The color reaction was developed with 3,3’-diaminobenzidine, and coverslips
were counterstained with Gill’s hematoxylin. TNF-a-treated cells (10 ng/ml for
12 h) were included as a positive control, and kit controls, positive and negative,
were always added for reference.

RESULTS

WT FMDYV blocks NF-kB-dependent reporter gene expres-
sion. We have previously shown that infection with leaderless
virus results in higher levels of expression of IFN-B mRNA
than infection with WT FMDYV (18). Early expression of IFN-3

depends on the activation and assembly of several transcription
factors at the IFN-B promoter, and among them, NF-«B plays
a fundamental role (31). In order to determine if FMDV
affects the function of NF-kB, we performed reporter assays in
infected BHK cells to measure the levels of expression of firefly
luciferase under the control of NF-kB-responsive sequences.
BHK-21 cells are known to be capable of producing IFN but
fail to respond to IFN (24), and therefore, no autocrine- or
paracrine-activating effects may contribute to the activities
measured in these cells. As an internal control, expression of
Renilla luciferase driven by the constitutive TK promoter was
included. Because only relative luciferase activity levels (firefly/
Renilla) were considered, the inhibition of host cell translation
by WT FMDYV during the course of the experiments was ac-
counted for in the calculations. As seen in Fig. 1A, only lead-
erless virus infection induces detectable NF-kB-dependent lu-
ciferase gene expression. By 6 h postinfection (hpi), 10- and
70-fold increases in luciferase activity were seen when the
infections were performed at MOIs of 1 and 10, respectively.
No significant increase was observed in WT virus-infected
cells. The levels of relative luciferase activity were higher for
leaderless virus-infected than for transfected poly(I:C) (25 pg/
ml) cells, suggesting a more efficient response of BHK cells to
viral infection than to synthetic dsRNA (Fig. 1B). When the
cells were infected in the presence of dsRNA poly(I:C) (Fig.
1B), an approximately 30 to 40% reduction in reporter gene
activity was observed for WT virus-infected cells. Consistent
with the results shown in Fig. 1A, cells treated with poly(I:C)
and simultaneously infected with leaderless virus had higher
levels of luciferase activity than cells treated with poly(I:C)
alone.

WT FMDYV inhibits NF-kB-dependent endogenous gene ex-
pression. Viral activation of NF-«B is reflected in an increase
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FIG. 1. FMDV blocks NF-kB activity. (A) BHK-21 cells were cotransfected with a reporter plasmid expressing firefly luciferase driven by an
NF-kB-dependent promoter (pNF-«kB-LUC) and a control plasmid expressing Renilla luciferase constitutively (pRL-TK). Twenty-four hpi, cells
were mock treated or infected with FMDV A12-IC (WT) or A12-LLV2 (leaderless) at different MOISs for the indicated times. A positive control
with poly(I:C) was included. Relative luciferase activity (firefly/Renilla) was assayed on whole-cell lysates. RU, relative units. (B) Experiments were
performed as described above (A), but 24 h prior to viral infection, poly(I:C) was transfected. The values shown represent the means and standard

deviations of three independent experiments.

in the expression of multiple factors involved in the innate and
adaptive immune response, including the proinflammatory cy-
tokine TNF-a and the chemokine RANTES (15, 42, 44, 56). In
order to corroborate the effect of FMDYV on the activation of
NF-kB, we measured levels of RANTES and TNF-o mRNA by
real-time RT-PCR in primary PK cells. In parallel, we analyzed
the expression of IFN-B mRNA. As shown in Fig. 2, by 6 hpi,
at an MOI of 10, leaderless virus induced approximately five to
six times more RANTES and TNF-o mRNA than WT virus.
Expression of IFN-B was about three to four times higher for
leaderless than for WT virus. When the infection was per-
formed at an MOI of 1, similar results were obtained for
RANTES and TNF-«, while 30- to 50-fold-higher levels of
expression were observed for IFN-B (data not shown). At the
time of sampling, there was at most only twofold-higher levels
of viral RNA in WT than in leaderless virus-infected cells (data
not shown). These results indicated that WT virus limits the
transcriptional activation of NF-kB-dependent endogenous
gene expression.

FMDYV does not inhibit NF-kB translocation. The above-
described results did not define the specific step(s) in the
activation of the NF-kB pathway that might be inhibited. We
initially investigated NF-kB activation in FMDV-infected pri-
mary PK cells by directly examining the cellular localization of
p65/RelA using a polyclonal antibody raised against a peptide
from the C-terminal region of p65/RelA. By 3 hpi, WT virus
induced the translocation of p65/RelA to the nucleus of in-
fected cells (Fig. 3A, panels 1 to 3). However, by 4.5 hpi, the
nuclear p65/RelA signal was significantly reduced in infected
cells (Fig. 3B, panels 1 to 3). While we were unable to detect
p65/RelA signal in the nucleus of leaderless virus-infected cells
at 3 hpi (data not shown), interestingly, by 4.5 and up to 24 hpi,
leaderless virus-infected cells displayed a much stronger p65/
RelA nuclear signal than WT virus (Fig. 3B, compare panels 6
and 3, and data not shown). Furthermore, there was an in-
creased number of uninfected bystander cells with p65/RelA
nuclear signal in leaderless than in WT virus-infected cultures
(Fig. 3B, compare panels 3 and 6). As expected, p65/RelA was
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FIG. 2. WT FMDYV blocks induction of endogenous NF-kB-dependent chemokine and cytokine expression. Expression of RANTES, TNF-q,
and IFN-B mRNAs was measured by real-time RT-PCR in primary PK cells infected with WT and leaderless FMDV at an MOI of 10 for the
indicated times. Porcine GAPDH was used as an internal control. Results are expressed as increases (n-fold) in gene expression for virus-infected
cells with respect to mock-infected cells. The values shown represent the means and standard deviations of three experiments.
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FIG. 3. p65/RelA indirect immunofluorescence analysis during FMDYV infection. PK cells were infected at an MOI of 10 with either WT (A
and B, panels 1 to 3) or leaderless (B, panels 4 to 6) virus. Parallel mock infection (C, panels 1 and 2) or poly(I:C) treatment (25 pg/ml and
Lipofectamine) (C, panels 3 and 4) was performed. p65/RelA was detected using a rabbit polyclonal antibody (Abcam RB-1638) recognizing the
C terminus of p65/RelA and an Alexa Fluor 488-conjugated secondary antibody. The viral protein VP1 was detected using mouse monoclonal
anti-VP1 antibody («VP1) (6HC4) and an Alexa Fluor 594-conjugated secondary antibody. Nuclei were stained with DAPI (C, panels 1 and 3).
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FIG. 4. FMDV does not cause nonspecific nuclear protein degradation. IBRS-2 cells were infected with either WT (panels 1 to 3) or leaderless
(panels 4 to 6) virus at an MOI of 10 for 4.5 h or mock treated (panels 7 and 8). Nuclear TBP was detected using a mouse monoclonal antibody
(ab818) and Alexa Fluor 488-conjugated secondary antibody. The viral protein VP1 was detected as described in the legend of Fig. 3.

localized to the cytoplasm of mock-infected cells (Fig. 3C,
panel 2). Transfection of poly(I:C) resulted in p65/RelA nu-
clear translocation (Fig. 3C, panel 4). Similar results were
obtained when NF-kB was detected with a monoclonal anti-
body that recognized the first 286 amino acids of p65/RelA,
although the signal was less intense (data not shown). To verify
that the decrease in nuclear staining was p65/RelA specific,
cells were stained with antibodies that recognize only the nu-
clear fraction of TBP. As shown in Fig. 4, no difference in the
intensity of TBP staining was detected between WT and lead-
erless FMDV-infected cells (compare panels 1 and 4). This
observation indicated that the decrease in p65/RelA in the
nucleus of WT virus-infected cells was specific and not the
result of a global effect on nuclear proteins.

As discussed above, leaderless virus-infected cultures had a
higher number of uninfected bystander cells that displayed
p65/RelA nuclear localization than WT virus-infected cultures.
We hypothesized that the IFN protein secreted into the super-
natant of infected PK cells might activate NF-«B in uninfected
cells since, as previously reported, leaderless virus infection
results in higher levels of secreted IFN protein than WT virus
infection (14, 18). As shown in Fig. 5 (panel 9), bystander cells

in leaderless virus-infected cultures displayed the brightest flu-
orescence for nuclear p65/RelA. The addition of anti-IFN-a
and anti-IFN-B antibodies to the supernatant of PK cells par-
tially prevented NF-«kB nuclear translocation (Fig. 5, compare
panel 3 with panel 6 and panel 9 with panel 12), suggesting that
the neutralization of IFNs blocks the activation of NF-kB in
uninfected cells.

p65/RelA is degraded during FMDYV infection. As demon-
strated above, NF-«kB translocation to the nucleus appeared to
be unaffected during FMDYV infection, although at late times
after infection, the intensity of the signal was weaker in WT
virus- than in leaderless virus-infected cells. We analyzed, by
Western blotting, the profile of p65/RelA in nuclear and cyto-
plasmic fractions of infected PK cells and an established por-
cine cell line, IBRS-2 cells. As shown in Fig. 6A, by 2 hpi, there
were comparable amounts of p65/RelA in cytoplasmic and
nuclear cell extracts of WT and leaderless virus-infected cul-
tures. However, by 6 hpi, there was a significant reduction in
the overall amount of p65/RelA only in extracts of WT virus-
infected cells. Loading controls, a-tubulin and fibrillarin, indi-
cated no significant difference among the respective samples.
Analysis of viral VP1 indicated that, as expected, WT virus
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FIG. 5. Neutralization of type I IFN inhibits NF-«kB nuclear translocation in bystander cells. PK cells were infected with either WT or leaderless
FMDYV at an MOI of 10 for 4.5 h in the absence or presence of neutralizing anti-IFN-a («IFN) and anti-IFN-B antibodies (see Materials and
Methods). p65/RelA and the viral protein VP1 were detected as described in the legend of Fig. 3.

replicated to higher levels than leaderless virus. This observa-
tion raised the possibility that another viral gene product could
have been involved in p65/RelA degradation. To verify that
p65/RelA degradation correlated only with the presence of

LP™, infections were performed using IBRS-2 cells where sim-
ilar virus yields for WT and leaderless virus can be obtained.
Figure 6B shows that the p65/RelA protein profile in these
cells exactly resembled the results obtained for primary por-
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FIG. 6. WT FMDV infection leads to a loss of p65/RelA. PK (A) or IBRS-2 (B) cells were infected at an MOI of 10 with WT or leaderless
FMDYV for the indicated times. IBRS-2 (C) cells were infected for 6 h with WT virus (MOI of 10) or leaderless virus (MOI of 100). At the indicated
times, cytoplasmic (cyto or ¢) and nuclear (nuclei or n) extracts (A and B) or whole-cell extracts (C) were prepared and analyzed by Western
blotting using rabbit polyclonal-anti p65/RelA antibody (RB-1638), mouse monoclonal anti-a-tubulin antibody («Tub) (Ab-2 MS-581), mouse
monoclonal anti-viral VP1 antibody (6HC4), rabbit polyclonal anti-leader antibody, mouse monoclonal anti-fibrillarin antibody (aFib) (ab4566),
and mouse monoclonal anti-TBP antibody (ab818). M, molecular weight marker.

cine cells. However, even in this cell line, there was still a
significant growth advantage for WT virus in comparison to
leaderless virus as reflected by higher amounts of viral VP1. To
compensate for this growth difference, we infected IBRS-2
cells with WT virus at an MOI of 10 and leaderless virus at an
MOI of 100. Figure 6C shows that for comparable levels of
VP1, there were significantly lower levels of p65/RelA only in
WT virus-infected cells, a result that suggested a direct corre-
lation between NF-«kB disappearance and the presence of LP™.
No p65/RelA degradation products of lower molecular weight
could be detected in infected cells using three different NF-«B

antibodies even when long sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis was performed (data not shown). To
investigate if the disappearance of p65/RelA was the result of
the specific down-regulation of the expression of mRNA, we
measured the levels of p65/RelA mRNA by real-time RT-
PCR. As shown in Fig. 7, no significant decrease in the p65/
RelA mRNA level was detected during the course of infection
with WT or leaderless virus. These results suggest a direct role
of FMDV in p65/RelA protein degradation.

Disappearance of NF-kB is not caused by apoptosis. Apop-
tosis is one of the mechanisms of cell death, and recently, it has

MOI=1 . MOI=10
at
<
=
:
<
;: FET TN T E———
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6
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H A12-LLV2

FIG. 7. FMDYV infection does not affect p65/RelA mRNA expression. p65/RelA mRNA expression was measured by real-time RT-PCR in
primary PK cells infected with WT and leaderless FMDYV at an MOI of 10 for the indicated times. Porcine GAPDH was used as an internal control.
Results are expressed as increases (n-fold) in gene expression for virus-infected cells with respect to mock-infected cells. The values shown
represent the means and standard deviations of three independent experiments.
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FIG. 8. FMDV does not cause apoptosis. Primary PK cells were
infected with WT or leaderless FMDV at an MOI of 10 or mock
treated for 6 h. As a positive control, cells were treated with TNF-a (10
ng/ml) for 12 h. Apoptosis was evaluated by TUNEL assay.

been shown that picornaviruses alter the apoptotic homeosta-
sis of infected host cells (8). In order to rule out the possibility
that the disappearance of NF-kB in FMDV-infected cells was
the result of viral induction of apoptosis or that, alternatively,
p65/RelA cleavage resulted in a proapoptotic event during
infection, we analyzed infected PK cells by a TUNEL assay. As
shown in Fig. 8, no indication of nuclear fragmentation, a
signature feature of apoptotic cells, was seen by 6 hpi, despite the
disappearance of p65/RelA and the considerable cytopathic effect
observed. In contrast, porcine TNF-a treatment for 12 h induced
apoptosis in more than 90% of the culture. This result indicates
that under our experimental conditions, FMDV-infected cells do
not undergo apoptosis-mediated cell death.

LP™ localizes to the nucleus of infected cells. Western blot
analysis of p65/RelA in WT virus-infected cells showed a de-
crease in the cellular cytoplasmic and nuclear fractions; how-
ever, as shown in Fig. 6, this effect was not noticeable early
during infection. Moreover, in some experiments, by 2 hpi,
higher levels of p65/RelA were detected in the nuclei of WT
than in leaderless virus-infected cells (data not shown). At later
time points, the levels of the p65/RelA protein were signifi-
cantly reduced in the nuclei and cytoplasm of WT-infected
cells. In order to determine if there was a correlation between
the degradation of p65/RelA and the expression and subcellu-
lar localization of LP™ during infection, we examined both
proteins by indirect immunofluorescence. Figure 9 shows that
by 2 hpi, LP™ was detected as a punctated staining homog-
enously distributed in the cytoplasm of the infected cell (Fig.
9A, panel 1). However, at 3 hpi and thereafter, LP*® was also
found in the nucleus, indicating progressive protein transloca-
tion during the course of the infection (Fig. 9A, panels 3, 5, and
7). There was no background signal in leaderless virus-infected
cells, confirming the specificity of the observed LP™ reaction
(Fig. 9A, panels 2, 4, 6, and 8). Double staining of p65/RelA
and LP* in WT FMD V-infected cells (Fig. 9B, panels 1 to 4)
showed that whereas there was significant colocalization by 4
hpi, the p65/RelA signal progressively decreased and became
almost nondetectable by 5 hpi.

FMDV LP* is sufficient for degradation of p65/RelA. To
directly determine if LP™ is the only FMDV protein required
for the degradation of p65/RelA, we used a previously con-
structed chimeric TMEV containing the LP™ coding region of
FMDYV (48). Initiation of translation of all seven serotypes of
the FMDYV polyprotein can potentially occur at two alterna-
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tive, in-frame AUG codons separated by 84 bases, resulting in
the synthesis of two leader proteins, Lab and Lb (55). Lb,
whose translation starts at the second AUG, is the predomi-
nant LP™ found in FMDV-infected cultures (10, 47). In order
to study the effect of LP™ independently of the other FMDV
products, we used TMEV-Lb, in which the dispensable TMEV
leader protein was replaced by FMDV Lb (48).

TMEV is a murine picornavirus, but given that all our pre-
vious experiments were performed using porcine cells, a nat-
ural host for FMDYV, we initially assessed the permissiveness of
IBRS-2 cells to TMEV by end-point titration of infected cul-
tures. Although not optimal, these cells supported an increase
of at least 100-fold in the viral titer when infected with TMEV
and an increase of six- to sevenfold when infected with
TMEV-Lb by 24 hpi, thereby making them suitable for our
experiments. Infected IBRS-2 cells were examined at 24 hpi by
indirect immunofluorescence. As shown in Fig. 10, p65/RelA
translocates to the nucleus of cells infected with TMEV (Fig.
10, panels 7 to 9), resembling the results obtained using lead-
erless virus-infected cells (Fig. 10, panels 4 to 6). However,
p65/RelA staining is practically absent in the nuclei of TMEV-
Lb-infected cells (Fig. 10, panels 10 to 12). Likewise, as de-
scribed above, there is almost no p65/RelA staining in WT
FMDV-infected cells (Fig. 10, panels 1 to 3). At early times
during TMEV-Lb infection (approximately 6 hpi), a weak
TMEV VP1 signal correlated with relatively strong nuclear
p65/RelA staining (data not shown), but as seen in Fig. 10, at
later time points (24 hpi), a stronger signal for VP1 correlated
with the disappearance of the p65/RelA signal from infected
cells. Interestingly, the decrease of p65/RelA nuclear staining
in TMEV-Lb-infected cells was concurrent with the transloca-
tion of Lb to the nucleus (data not shown). These results
demonstrated that the loss of the p65/RelA signal is directly
dependent on the presence of FMDV Lb in the nucleus of
infected cells.

DISCUSSION

Upon viral infection, activation of the transcription fac-
tors NF-kB, IRF3/7, and AP-1 lead to the induction of
IFN-o/B mRNA and the establishment of a robust antiviral
innate immune response (31). To escape or overcome this
early host response, viruses have evolved mechanisms that
inhibit one or more steps involved in the induction of IFN
and/or the function of ISGs (16, 25). For FMDV, we have
previously shown that WT virus infection results in both the
shutoff of cap-dependent host protein synthesis, including
IFN-o/B, and the inhibition of IFN-«a/f mRNA induction
(11, 18). Previous work demonstrated that LP™ is directly
responsible for the cleavage of translation initiation factor
elF-4G (20, 32).

In the current study, we demonstrate that LP™ is directly
associated with the degradation of p65/RelA, thus affecting the
NF-kB activity required for the full expression of IFN-B and
other inflammatory cytokines.

Virus infection can block NF-«kB activity, thus antagonizing
the host immune response. In most cases, irreversible binding
of viral proteins to the IkB inhibitor or interference with IkB
degradation results in the inhibition of p65/RelA nuclear trans-
location and therefore a decrease in NF-kB-dependent gene
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FIG. 9. FMDV leader protein translocates to the nucleus. Primary PK cells were infected with WT (A, panels 1, 3, 5, and 7, and B, panels 1
to 4) or leaderless (A, panels 2, 4, 6, and 8) FMDV at an MOI of 10 for the indicated times. Leader protein was detected with rabbit polyclonal
anti-leader antibody and Alexa Fluor 488-conjugated secondary antibody, VP1 was detected with mouse monoclonal antibody 6H4C and Alexa
Fluor 594 secondary antibody, and NF-«kB was detected with rabbit polyclonal anti p65/RelA antibody (RB-1638) and Alexa Fluor 594 secondary

antibody.

expression (22, 30). Our results show that WT FMDYV utilizes
a different mechanism to counteract NF-kB activity. WT
FMDV does not prevent the activation or translocation of
p65/RelA into the nucleus. Furthermore, we did not observe
any alteration in the nucleocytoplasmic trafficking of a reporter
green fluorescent protein containing a nuclear localization sig-
nal upon infection with FMDYV (data not shown). Similar re-
sults were found for cells infected with a recombinant mengo-
virus containing the FMDV LP™ coding region (F. J. van
Kuppeveld, personal communication). Our experiments show
that the p65/RelA protein is degraded during WT FMDV
infection. Interestingly, p65/RelA integrity is preserved when
cells are infected with leaderless FMDV, suggesting a direct
involvement of LP™ in the degradation process. However, since
leaderless virus is an attenuated strain and results in lower
virus yields in cell culture, it is possible that other FMDV
products could be involved in the degradation of p65/RelA.

Moreover, recent studies with poliovirus have shown that the
viral 3C protease cleaves p65/RelA during infection (43). To
address this issue, we performed two sets of experiments. First,
IBRS-2 cells were infected with leaderless virus at a high MOI
(MOI of 100 versus 10 for WT) to compensate for the leader-
less virus growth disadvantage. Under these conditions, we
observed a significant reduction in levels of the NF-kB protein
only in WT virus-infected cells when equivalent amounts of
viral VP1 were present for both viruses. Second, a chimeric
TMEYV containing only the L™ coding region of FMDV was
used to evaluate the function of this protein in the absence of
other FMDYV products (48). Our results showed that whereas
WT TMEV induced the translocation and accumulation of
NF-kB in the nucleus of infected cells, the chimeric TMEV-Lb
induced the translocation of NF-«B to the nucleus early during
infection, but at later time points, p65/RelA staining com-
pletely disappeared when Lb was detected in the nucleus of
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FIG. 10. FMDV LP™ is sufficient for p65/RelA degradation. IBRS-2 cells were infected with WT or leaderless FMDV, TMEV, and chimeric
TMEV-Lb at an MOI of 10. Twenty-four hpi, p65/RelA and viral proteins were visualized by indirect immunofluorescence. p65/RelA was detected
with rabbit polyclonal antibody (RB-1638) and Alexa Fluor 488-conjugated secondary antibody. TMEV VP1 and FMDV VP1 were detected with
monoclonal antibodies DAmADb2 and 6HC4, respectively, and both were visualized with Alexa Fluor 594-conjugated secondary antibody.

infected cells. These results suggest that FMDV LP™ is both
necessary and sufficient for this effect.

We predict that p65/RelA can be cleaved by LP™ at specific
recognition sites since this viral product is a protease. Analysis
of the amino acid sequence of p65/RelA indicates the presence

of one putative LP™® cleavage site close to its amino terminus.
However, no discrete p65/RelA degradation products were
detected by Western blot analysis even when several commer-
cially available antibodies were tested. Nevertheless, further
studies are needed to confirm this observation.
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NF-«kB has been reported to be an antiapoptotic factor (3).
However, other studies have shown that NF-kB can overcome
apoptotic inhibition when p65/RelA is cleaved at the C termi-
nus, creating a dominant negative inhibitor protein that can
promote apoptosis (38). We could not detect apoptosis in WT
or leaderless virus-infected cells. However, we do not know if
cleavage of NF-kB by FMDYV could result in apoptosis if suf-
ficient time were permitted during the course of infection.

The absence of defined degradation products indicated that
p65/RelA apoptotic cleavage did not occur during FMDV in-
fection. In addition, these results suggested that complete pro-
tein degradation occurred. One of the most studied mecha-
nisms that mediate protein degradation involves ubiquitination
and proteasomal targeting (28). Moreover, recent studies have
shown that p65/RelA bound to promoter sequences can be
ubiquitinated and degraded in the nucleus of the cell (53, 54).
Recently, it has also been shown that the NP™ product of
pestiviruses, including bovine viral diarrhea virus and classical
swine fever virus, induces the ubiquitination and degradation
of IRF3 (1, 29). It is possible that FMDV uses an analogous
mechanism to degrade NF-«kB. In our experiments, the timing
of p65/RelA degradation coincided with the nuclear translo-
cation of FMDV LP*, and furthermore, the addition of the
proteasome inhibitor MG132 partially prevented p65/RelA
degradation (data not shown). Studies to evaluate the ubig-
uitination state of p65/RelA during FMDYV infection as well as
to determine if LP™ directly degrades NF-«kB are planned.

A unique observation resulting from our studies is that a
significant portion of LP™ rapidly translocates to the nucleus.
In the picornavirus family, only cardioviruses, in addition to
FMDV, contain an L protein, although cardiovirus L proteins
are not proteinases. Similar to FMDV L, encephalomyocardi-
tis virus (EMCV) and TMEV L proteins are associated with a
block in the induction of IFN-a/B upon viral infection (34, 60,
61). Previous studies demonstrated that these proteins can
alter the general nucleocytoplasmic trafficking affecting the
intracellular sublocalization of multiple factors required for
the establishment of an antiviral state (17, 39, 49). Recently, it
has been shown that EMCV L localizes near the cytoplasmic
side of the nuclear pore complex and disrupts the RanGDP-
GTP gradient, thereby blocking nucleocytoplasmic transport
during infection (49). Our results show that in contrast to
EMCYV L, FMDV LP™ enters the nucleus of the infected cell
without interfering with intracellular trafficking. Moreover, nu-
clear localization of FMDV LP™ correlates with the disappear-
ance of NF-kB in the absence of any other FMDYV protein. It
is possible, however, that FMDV LP™ might affect the traffick-
ing of other proteins, but further studies are required to test
this hypothesis.

Our observations add a new factor to the complexity of the
interaction between FMDV and the host. The leader protein-
ase of FMDV has a major role in antagonizing the innate
immune response at multiple levels, including the inhibition of
transcription and translation. Our current emphasis is on uti-
lizing genomics and reverse genetics to identify regions within
LP™ that may be responsible for the various functions of this
protein. A more detailed knowledge of LP™ and other viral
proteins that may be involved in counteracting the host innate
response should help us develop more effective disease control
strategies.

J. VIROL.
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