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Vaccinia virus wild-type strains such as Ankara and WR synthesize proteins capable of inhibiting the
activation of host NF-�B, a family of transcription factors that regulate the expression of inflammatory genes.
In contrast, an infection by the attenuated MVA strain, whose genome lacks many immunoregulatory genes
present in the DNA of its Ankara parent, induces NF-�B activation. Insertion of NF-�B inhibitory genes into
the MVA DNA, then, would alter the MVA phenotype. By this method, a 5.2-kb region of Ankara DNA
containing the K1L gene and two other genes that are absent in the MVA genome that was identified as NF-�B
was inhibited in cells infected with the MVA/5.2kb virus. To determine if K1L was responsible, the relevant
biological properties of both a recombinant MVA containing a copy of the WR strain’s K1L (MVA/K1L) and
a WR deletion mutant lacking the K1L gene (�K1L) were examined. Indeed, unlike its progenitor, the altered
MVA halted degradation of the host regulatory protein I�B�—a key event in the pathway of transcriptional
activation by NF-�B factors. Moreover, MVA/K1L gained the ability to repress artificially contrived and
natural NF-�B-regulated expression of a transfected luciferase and the cellular tumor necrosis factor gene,
respectively. In contrast, although these functions could also be performed by WR, the �K1L virus lost these
abilities. Thus, one apparent molecular function of K1L is to prevent I�B� degradation. This impediment to
NF-�B-induced host proinflammatory gene expression, in turn, might enhance virus survival.

The NF-�B/Rel transcription factor family regulates the ex-
pression of genes involved in immune responses, inflammation,
apoptosis, and proliferation (for a review, see references 18
and 24). As the inflammatory responses resulting from NF-�B
activation can be detrimental to healthy cells, its activation is
tightly controlled by a family of proteins (I�Bs) that interact
with NF-�B. One such NF-�B inhibitory protein is I�B�, which
binds via ankyrin repeats to the p65 subunit of NF-�B dimers
(composed of p65 and p50 proteins) located in the cytoplasm.
Originally, these interactions were thought to mask the nuclear
localization signal of the p65 NF-�B subunit and, thus, to
inhibit NF-�B translocation to the nucleus and prevent tran-
scription stimulation (19). Recent studies, however, have
shown that I�B� and NF-�B shuttle between the nucleus and
cytoplasm, indicating that a dynamic nucleocytoplasmic com-
plex exists (3, 9).

NF-�B activation is initiated through many signals provided
by proinflammatory cytokines, pathogen-associated molecular
patterns, UV light exposure, and reactive oxygen intermediates
(19). When any of these signals is present, the I�B kinase
(IKK) is phosphorylated by active cellular protein kinase(s)
and subsequently phosphorylates I�B� at serine residues 32
and 36 (6, 8, 14, 15, 25, 42). The phosphorylated I�B� is then
polyubiquitinated at lysines 21 and 22 and is targeted for deg-
radation by the 26S proteosome, thereby releasing NF-�B to
stimulate transcription of its target genes in collaboration with
other factors (2, 13, 14, 37). While other control mechanisms

do exist, the key step in the classical NF-�B activation pathway
is the phosphorylation of I�B� by IKK (18, 24).

Many viruses purposefully activate NF-�B for use as a tran-
scriptional factor to express viral genes (reviewed in references
23 and 36). However, NF-�B is potentially dangerous to virus-
infected cells. For example, NF-�B induces the expression of
multiple host proteins such as antiviral cytokines, immune re-
ceptor molecules that present viral antigen to cytotoxic T lym-
phocytes, and inflammatory chemokines that attract immune
cells to an area of virus infection, thereby hindering virus
survival (19). Thus, viruses must carefully control the timing
and duration of NF-�B activation to ensure its usefulness as a
transcription factor while restricting its antiviral effects (16, 23,
36). Among the viruses capable of inhibiting NF-�B is vaccinia
virus, the prototypic poxvirus, which expresses a large number
of proteins that repress innate immune responses (28, 29, 30).
In contrast, an attenuated strain of vaccinia virus (MVA),
which has lost approximately 15% of its genome compared to
that of its Ankara parent, lacks this nullifying ability (1).

Since NF-�B regulates the expression of antiapoptosis genes
(27), initial observations in our laboratory led to the hypothesis
that resistance to cell death during poxvirus infection was due
to NF-�B activation. However, this hypothesis was subse-
quently disproved when poxviral genes encoding NF-�B inhib-
itory proteins were discovered. In the present study, it was
determined that insertion of a 5.2-kb region of Ankara DNA
restored the ability of MVA to deter NF-�B activation. Further
dissection of this region found that the K1L gene product was
responsible for the observed inhibition; MVA-induced NF-�B
activation was halted in cells infected with a recombinant
MVA virus containing the vaccinia virus WR K1L gene. Fur-
ther analysis using a WR-based K1L deletion mutant showed
that K1L was necessary for inhibiting NF-�B activity in cul-
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tured RK13 cells. These findings are the first report of a mo-
lecular function for K1L. Thus, in addition to being necessary
for virus reproduction, K1L may also aid in subverting antiviral
immune responses.

MATERIALS AND METHODS

Cells and viruses. Human (293T and Jurkat) and rabbit kidney (RK13) cell
lines were obtained from the American Type Culture Collection. Vaccinia virus
wild-type (WR and Ankara) and attenuated (MVA) strains were obtained from
Bernard Moss (Laboratory of Viral Diseases, National Institute of Allergy and
Infectious Diseases, National Institutes of Health). The MVA/5.2kb virus is an
MVA virus whose genome contains the 5.2-kb EcoRI fragment of the parental
Ankara DNA (26). This fragment includes the full-length K1L transcriptional
unit, along with six other genes (26). The recombinant viruses MVA/44.1, MVA/
47.1, MVA/51.1, and MVA/44.1�47.1 contain Ankara left-end genomic seg-
ments generated from a cosmid library (44). The MVA/K1L virus, a gift from
Gerd Sutter (Institute for Molecular Virology, Munich, Germany), contains the
entire K1L gene and its promoter that were amplified from the WR genome by
using PCR (41). The amplicon was inserted into the delIII region of MVA, an
area commonly used for placement of genetic material into the MVA genome
(41). Thus, the MVA/K1L virus contains a leftover fragmented MVA K1L
sequence and the entire wild-type WR K1L gene. The �K1L virus (a gift from
Bernard Moss) is the WR strain of vaccinia virus that has had its K1L gene
replaced with the Escherichia coli gpt gene by homologous recombination.

Detection of cell death by using TUNEL. Cytolysis of poxvirus-infected cells
was detected as described previously (38). Briefly, 2 � 106 Jurkat cells were
infected with 20 PFU of either WR, MVA, or recombinant MVA viruses (MVA/
44.1, MVA/47.1, MVA/51.1, MVA/44.1�47.1, and MVA/5.2kb) per cell. A
higher multiplicity of infection (MOI) was used for this cell line because a
suspension of cells was infected. At 6 h postinfection, the medium was replaced
with one either lacking or containing 50 �M etoposide (Sigma), an exogenous
apoptosis inducer. Twelve hours later, cells were fixed, permeabilized, and incu-
bated with a fluorescein-based in situ cell death detection kit (terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling [TUNEL] as-
say; Roche) to detect individual dead cells and then incubated with a mouse
monoclonal antibody recognizing the early E3L protein of vaccinia virus, fol-
lowed by incubation with a Cy5-conjugated anti-mouse antibody (Jackson Im-
munoresearch). Using a FACScalibur apparatus (Becton Dickinson), 10,000
individual cells positive for E3L staining were analyzed for cell death.

Detection of I�B� levels by using immunoblotting. Cytoplasmic lysates were
made according to a modified version of methods described previously (30).
Jurkat cells were infected at an MOI of 20 with MVA, WR, Ankara, or recom-
binant MVA viruses. Eighteen hours after infection, cells were lysed in cytoplas-
mic extraction (CE) buffer. RK13 and 293T cell monolayers were infected at an
MOI of 10 with WR, MVA, MVA/5.2kb, or MVA/K1L and then lysed in CE
buffer 8 h after infection. The protein concentration of each sample was deter-
mined using the bicinchoninic acid assay (Pierce) (40). An equal amount of
protein (30 �g) for each sample was loaded onto separate lanes of a 12%
polyacrylamide gel. After electrophoresis, the proteins were transferred onto a
polyvinyl difluoride membrane (Millipore). To detect I�B�, blots were probed
with rabbit anti-I�B� antibody (Santa Cruz), a pan-specific polyclonal antibody,
followed by goat anti-rabbit immunoglobulin conjugated to horseradish peroxi-
dase (Fisher Scientific). Immunoblots were developed by using chemillumines-
cence (Pierce). Similar blots were probed with antiactin antibody (Santa Cruz) or
antibody to SPI-1 rabbitpox virus protein (a gift from Richard Moyer, Depart-
ment of Molecular Genetics, University of Florida) (7) to verify equal protein
loading and successful virus infection, respectively.

Measurement of NF-�B activation by using the firefly luciferase reporter
assay. Subconfluent monolayers of RK13 cells in a 12-well plate were transfected
with 100 ng of pRL-TK (Promega) and 900 ng of pNF-�Bluc (Stratagene) using
the Lipofectamine 2000 transfection reagent (Life Technologies). Likewise, 50
ng of pRL-null and 450 ng of pNF-�Bluc were transfected into 293T cells by
using FuGene6 (Roche). The pRL-TK plasmid contains the Renilla reniformis
(sea pansy) luciferase gene under the transcriptional control of the herpesvirus
thymidine kinase promoter and constitutively expresses low levels of sea pansy
luciferase. The pRL-null plasmid is identical to pRL-TK except that it lacks the
herpesvirus thymidine kinase promoter. The pRL-null plasmid was substituted
for pRL-TK in assays with 293T cells to reduce the luminescent backgrounds.
The pNF-�Bluc plasmid contains the firefly luciferase gene under the transcrip-
tional control of a synthetic promoter containing five direct repeats of the NF-�B
binding element. As a result, firefly luciferase expression is induced by activated

NF-�B. At 18 to 24 h posttransfection, cells were mock infected or infected with
viruses (MOI of 10). At 8 h postinfection, cell monolayers were lysed in 100 to
250 �l of passive lysis buffer (Promega), followed by cell lysate analysis for both
luciferase activities by using the Dual Luciferase Reporter assay (Promega).

Luciferase activity was measured as relative light units (RLUs) by using the
Luminoskan microplate luminometer (Labsystems). For all assays, experiments
were performed in triplicate. For each experimental point, the average of the
firefly luciferase activity was divided by the average of the sea pansy luciferase
activity to correct for differences in transfection efficiencies. The resultant ratios
were used to compare the expression of the firefly luciferase gene in virus-
infected cells to that present in uninfected cells.

Detection of NF-�B-regulated host TNF gene transcription by using reverse
transcription-PCR (RT-PCR). RK13 and 293T cells were infected with WR,
MVA, MVA/K1L, or �K1L at an MOI of 10. At 6 h postinfection, cells were
collected, total RNA was extracted from infected cells using the Qiagen RNeasy
kit (Qiagen), and 3 �g in a 50-�l reaction mixture was reverse transcribed into
single-stranded cDNA with Superscript II reverse transcriptase (Invitrogen) and
oligo(dT) primers. For all PCRs, 1 �l of template cDNA was used. Amplifica-
tions of tumor necrosis factor (TNF) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) cDNA were performed in parallel by using PCR with primers
specific for rabbit (RK13) or human (293T) sequences. Primers for rabbit TNF
were 5�-CAAGCCTCTAGCCCACGTA-3� and antisense oligonucleotide 5�-G
GCAATGATCCCAAAGTAG-3�, yielding a 438-bp product (5). The PCR con-
ditions were 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. Primers for rabbit
GAPDH were 5�-GCGCCTGGTCACCAGGGCTGCTT-3� and antisense oligo-
nucleotide 5�-TGCCGAAGTGGTCGTGGATGACCT-3�, yielding a 465-bp
product (5). The PCR was run at 95°C for 30 s, 62°C for 1 min, and 72°C for 30 s.
Primers for human TNF were 5�-GAGTGACAAGCCTGTAGCCCATGTTGT
AGCA-3� and antisense oligonucleotide 5�-GGCAATGATGATCCCAAAGTA
GACCTGCCCAGACT-3� and yielded a 480-bp product (22). PCR conditions
were 95°C for 45 s, 60°C for 45 s, and 72°C for 2 min. Primers for human GAPDH
were 5�-TGAAGGTCGGAGTCAACGGATTTGGT-3� and antisense oligonu-
cleotide 5�-CATGTGGGCCATGAGGTCCACCAC-3� and yielded a 921-bp
product (22). PCR conditions were 95°C for 30 s, 61°C for 1 min, and 72°C for
1 min. TNF and GAPDH cDNAs were amplified for either 35 cycles (rabbit) or
25 cycles (human). A portion of each PCR was analyzed by agarose gel electro-
phoresis, and amplicons were visualized by ethidium bromide staining.

RESULTS

Insertion of a 5.2-kb region of Ankara DNA into the MVA
genome eliminates the ability of MVA to induce I�B� degra-
dation. This study was originally designed to discover poxvirus
proteins that were novel inhibitors of caspase-9 (mitochondri-
on)-mediated cell death. For this purpose, the vaccinia virus
attenuated MVA strain was examined because it has lost many
immunoevasion genes and possibly could be lacking genes en-
coding antiapoptosis products as well. Surprisingly, when a
TUNEL assay was used to detect etoposide-induced cell death,
the percentage of MVA-infected cells undergoing this event
was significantly lower than that of WR- or Ankara-infected
cells (Fig. 1A and B). Despite this difference, both MVA and
WR infection equally elicited death in a small population of
cells that were not incubated with etoposide. As expected,
etoposide treatment induced caspase-9-mediated cytolysis in a
majority of mock-infected cells (17).

In contrast to the WR strain, MVA has been shown to
activate host NF-�B (30). Since this factor up-regulates tran-
scription of antiapoptosis genes (27), we hypothesized that
NF-�B activation arising from MVA infection would indirectly
enhance resistance to etoposide-induced death. Conversely,
the inhibition of NF-�B activation by WR proteins would ren-
der host cells susceptible to etoposide toxicity. Further, we
posited that we could discover a viral gene(s) responsible for
NF-�B inhibition by identifying Ankara DNA that, when rein-
serted into the MVA genome, protected against cytolysis dur-
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ing virus infection. To test this idea, Jurkat cells were infected
with recombinant MVA viruses containing segments of the left
end of the Ankara genome, and infected cells were assayed for
resistance to etoposide-induced cell death and NF-�B activa-
tion states (26, 44). For this purpose, death was detected in
etoposide-treated, infected cells by using the TUNEL assay.
To indirectly detect NF-�B activation, I�B� was detected and
compared among virus-infected cell lysates. An equal amount
of protein from each virus-infected cytoplasmic extract was
analyzed by immunoblotting to ensure that the absence of

I�B� in a sample was not due to uneven protein loading. While
this method does not precisely determine the levels of NF-�B
activation in cells, it is a useful method to determine whether
NF-�B is activated. By this manner, cells separately infected
with the MVA/5.2kb, MVA/44.1, MVA/47.1, MVA/51.1, or
MVA/44.1�47.1 recombinant MVA viruses were found to be
more resistant to etoposide-induced toxicity than mock-, WR-,
or Ankara-infected cells (Fig. 1B). Moreover, as reported
above, MVA-infected cells did not undergo detectable levels of
etoposide-induced cytolysis (Fig. 1B), whereas infection in the
absence of etoposide triggered death in a minority of cells
(data not shown). Since I�B� was detected in uninfected as
well as WR- and Ankara-infected cells (Fig. 1C), NF-�B did
not appear to be active under these conditions. In contrast, the
inability to measure I�B� in MVA-infected lysates signified
that NF-�B was probably activated as a result of this loss of
I�B�. These data are comparable to those previously reported
for infected 293 cells (30). The presence of I�B� in cytoplasmic
extracts prepared from cells infected with recombinant MVA/
5.2kb and MVA/51.1, and also from MVA/44.1-, MVA/47.1-,
and MVA/44.1�47.1-infected cells, albeit at lower levels, indi-
cated that proteins expressed by the inserted Ankara DNA
blocked host NF-�B. Since MVA/5.2kb-, MVA/51.1-, and
MVA/47.1-infected cells were resistant to etoposide-induced
death despite the apparent inhibition of host NF-�B activity,
vaccinia virus-induced etoposide resistance is not dependent
on activation of host NF-�B.

Among the recombinant MVA viruses capable of inhibiting
host NF-�B activity, MVA/5.2kb has the least number of An-
kara virus genes (26). Therefore, further analyses focused on
this virus. Since up to this point only Jurkat cells had been
used, the ability of this virus to impede NF-�B activation in
other cell lines was examined. In both 293T and RK13 cells,
the amount of I�B� was reduced in MVA-infected cells com-
pared to that in WR-infected and uninfected cells (Fig. 2A and
B). In agreement, a similar degradation of I�B� has been
observed in the human cell line 293, the parent of 293T cells,
after infection with MVA (30). Again, inclusion of the 5.2-kb
Ankara DNA fragment into the MVA genome reversed this
trend, as evidenced by the increased quantity of I�B� in MVA/
5.2kb-infected cells. Apparently, virus replication is not re-
quired for modulation of I�B� activity, since MVA does not
produce progeny in either cell line and only RK13 cells are
permissive for MVA/5.2kb (11).

The above experiment detected I�B� at 8 h postinfection. A
time course experiment revealed that I�B� was completely
degraded in MVA-infected RK13 cells by 4 h postinfection
(data not shown). As poxvirus infection inhibits host cell pro-
tein synthesis, I�B� levels would not be expected to return late
in MVA infection. Indeed, I�B� was absent in MVA-infected
293T and RK13 cells 8 h postinfection (Fig. 2 and 3) and in
MVA-infected Jurkat cells 18 h postinfection (Fig. 1C).

A 5.2-kb region of Ankara DNA is associated with repres-
sion of transcription of a transfected gene regulated by a
promoter containing NF-�B binding sites. It has been shown
that the African swine fever virus A238L product inhibits host
NF-�B activation independent of I�B� degradation (32, 34).
Thus, we considered the inability to detect I�B� in the pre-
ceding immunoblotting might not accurately reflect the degree
of NF-�B activation. To verify the immunoblotting results, the

FIG. 1. Resistance to etoposide-induced cytolysis does not corre-
late with the ability of MVA/5.2kb virus to inhibit I�B� degradation.
Jurkat cells were mock infected (UN) or infected at an MOI of 20 with
the indicated viruses. (A and B) At 6 h postinfection, cells were
incubated with medium alone or medium containing 50 �M etoposide.
At 12 h after treatment, cells were fixed and cytolysis was detected by
using a fluorescence-based TUNEL assay. Only results with etoposide
treatment are shown in panel B, as cytolysis only occurred in a minority
of untreated cells. (C) Eighteen hours postinfection, Jurkat cells were
collected by centrifugation and lysed in CE buffer. Equal amounts of
protein from each lysate were subjected to sodium dodecyl sulfate–
12% polyacrylamide gel electrophoresis and subsequent Western im-
munoblotting with anti-I�B� antibody.
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expression of an NF-�B-transcriptionally regulated firefly lu-
ciferase gene in virus-infected and uninfected cells (Fig. 2C
and D; Table 1) was measured in a manner similar to that
previously used to successfully ascertain NF-�B activation in
poxvirus-infected cells (30). As expected, WR infection did not
modulate firefly luciferase activity in 293T cells (Fig. 2C). The
overall increase in luciferase activity compared to that in un-
infected 293T cells may be due to global up-regulation of gene
expression during WR infection (10, 35, 39, 43). MVA-infected
cells, in contrast, exhibited approximately 18-fold-more firefly
luciferase activity than did the mock-infected cells. In carefully
examining the luciferase activities in MVA-infected cells, it
was noticed that the sea pansy RLUs were lower than for other
infected cells, raising the concern that MVA-induced NF-�B
activation as measured by a reporter assay is misleading. How-
ever, supporting immunoblotting and RT-PCR data (see be-
low) eliminated this possibility. MVA/5.2kb lysates, while re-
taining higher luciferase activity than mock- or WR-infected
cells, still had a threefold-decreased amount of luciferase com-
pared to MVA-infected cells, indicating that a gene product
from the inserted Ankara DNA prevents NF-�B activation.

Examination of RK13 cells yielded similar results (Table 1
and Fig. 2D), although the enhancement of expression of the
NF-�B-regulated luciferase gene by MVA was much lower
than in infected 293T cells. This anomaly could be due to the
greater ratio of firefly to sea pansy luciferase activity in unin-
fected RK13 compared to 293T cells, resulting in lower nor-
malized values for all infected RK13 cell samples. Importantly,
luciferase activity in MVA/5.2kb-infected cells was approxi-
mately threefold less than in MVA-infected cells (the same

ratio as in 293T cells), demonstrating that indeed MVA/5.2kb
infection inhibited NF-�B activation. Moreover, while MVA-
infected lysates expressed 2.6-fold-more luciferase activity than
uninfected cells, WR infection resulted in a 2-fold decrease.

Insertion of the WR K1L gene into the MVA genome is
sufficient for inhibiting degradation of host I�B� and expres-
sion of a transfected NF-�B-transcriptionally regulated gene.
The Ankara EcoRI 5.2-kb DNA fragment contains the follow-
ing genes: N2L, M1L, M2L, K1L, K2L, K3L, and K4L (26).
Since intact K1L, M1L, and M2L genes are present in the
Ankara 5.2-kb region but fragmented or absent in the MVA
genome (26), one or more of these gene products might inhibit
MVA-induced NF-�B activation. Of the three, K1L, a host-
range gene necessary for vaccinia virus replication in RK13
cells (31, 33), was further examined because it was also present
in the genome of two other recombinants (MVA/51.1 and
MVA/44.1�47.1) (44) that acquired the ability to inhibit host
I�B� degradation (Fig. 1C). Further, the K1L product con-
tains six ankyrin repeats, a motif present in I�B�. Given the
role of ankyrin repeats for I�B� in NF-�B binding and inhibi-
tion, it was attractive to hypothesize that the vaccinia virus K1L
product functioned as an I�B� homolog.

To test the function of K1L, the biological activity of a
recombinant MVA containing a copy of the WR K1L gene
(MVA/K1L) was examined (41). When cytoplasmic extracts of
RK13 cells individually infected with WR, MVA, or MVA/K1L
were probed for I�B� by immunoblotting, I�B� was readily
detected in WR- and MVA/K1L-infected cells. In contrast,
relatively lower amounts were present in MVA-infected and
uninfected cells (Fig. 3A). Based on the increase of I�B� in

FIG. 2. The MVA/5.2kb virus inhibits I�B� degradation and NF-�B activation in 293T and RK13 cells. (A and B) 293T cells (A) and RK13
cells (B) were either mock infected (UN) or infected at an MOI of 10 with either the WR, MVA, or MVA/5.2kb virus. At 8 h postinfection, cells
were collected and lysed in CE buffer. Equal amounts of cytoplasmic extracts were analyzed on sodium dodecyl sulfate–12% polyacrylamide gel
electrophoresis and then by Western immunoblotting with anti-I�B� antisera. (C and D) 293T cells were transfected with pRL-null and pNF-�Bluc
(C) and RK13 cells were transfected with pRL-TK and pNF-�Bluc (D). For both cell types, at 24 h posttransfection cells were either mock infected
(UN) or infected at an MOI of 10. Eight hours postinfection, cells were collected and lysed, and firefly and sea pansy luciferase activities were
measured. The luciferase assays were performed in triplicate, and each bar represents the averaged data from one representative experiment. The
relative fold changes were determined by normalizing the ratios of firefly luciferase activity in virus-infected cells to sea pansy luciferase activity
in each virus-infected cell group to the value obtained for uninfected cells (see Table 1 for raw data).
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MVA/K1L-infected cells compared to MVA-infected cells, the
introduction of K1L was sufficient for ensuring NF-�B inhibi-
tion. In this particular experiment, the quantity of I�B� in
uninfected compared to WR-infected cells was probably a re-
flection of the observed increase in I�B� levels early during
WR infection (Fig. 4A). Likewise, MVA-induced I�B� degra-
dation also was inhibited by the K1L product in 293T cells (Fig.
3B); i.e., I�B� was degraded in MVA-infected cell lysates but
intact in MVA/K1L- or WR-infected cell lysates.

MVA/K1L virus also repressed expression of the NF-�B-
controlled firefly luciferase gene in both RK13 and 293T cells
(Fig. 3C and D, respectively). Luciferase activity was 0.5-fold
lower in WR-infected cells compared to uninfected RK13 cells.
In contrast, NF-�B activation was 2.5-fold higher in MVA-
infected cells compared to mock-infected cells. MVA/K1L-

FIG. 3. K1L inhibits I�B� degradation and NF-�B activation of reporter and cellular genes when expressed during MVA infection. (A and B)
RK13 cells (A) or 293T cells (B) were infected at an MOI of 10 with either the WR, MVA, or MVA/K1L virus. At 8 h postinfection, cells were
collected and lysed in CE buffer. Cytoplasmic extracts were analyzed on sodium dodecyl sulfate–12% polyacrylamide gels and then probed for I�B�
levels by Western immunoblotting. (C and D) RK13 cells were transfected with pRL-TK and pNF-�Bluc (C), and 293T cells were transfected with
pRL-null and pNF-�Bluc (D). For both cell types, at 24 h posttransfection cells were infected at an MOI of 10. At 8 h postinfection, cells were
lysed. The ratios of firefly to sea pansy luciferase activities were determined and normalized to that of uninfected cells. Results are expressed as
an average of three experiments. (E and F) RK13 cells (E) and 293T cells (F) were infected with MVA or MVA/K1L at an MOI of 10. At 6 h
postinfection, total RNA was isolated and reverse transcribed into cDNA. TNF and GAPDH cDNAs were amplified by using PCR, and the
resultant DNA products were separated by electrophoresis on a 2% agarose gel and visualized with ethidium bromide. In all cases, mock-infected
(UN) cells served as a control.

TABLE 1. Sea pansy and firefly luciferase activites in virus-infected
and uninfected 293T and RK13 cells

Virus
RLUa Firefly/sea

pansy
ratio

Normalized
valueSea pansy Firefly

293T
Uninfected 133 � 18 854 � 44 6 1.0
WR 296 � 16 1,572 � 52 5 0.81
MVA 86 � 20 10,305 � 205 118 19.7
MVA/5.2 kb 124 � 20 4,095 � 536 33 5.5

RK13
Uninfected 16 � 6 568 � 132 36 1.0
WR 46 � 4 736 � 109 16 0.4
MVA 5 � 0.2 469 � 104 94 2.6
MVA/5.2 kb 39 � 9 1,103 � 291 28 0.8

a Results are the average of three measurements with standard deviations
shown.
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infected RK13 cell lysates contained less than half of the lu-
ciferase activity compared to extracts from MVA-infected
cells. For 293T cells, the RLUs from WR-infected cells were
similar to those from uninfected cells. Conversely, this activity
was fourfold higher in MVA-infected cells and only threefold
higher in MVA/K1L-infected cells.

Recombinant MVA virus containing the WR K1L gene re-
presses transcription of the naturally NF-�B-regulated cellu-
lar TNF gene. In the host cell, the NF-�B transcription factor
family regulates expression of the TNF gene as well as that of
other genes whose products stimulate inflammatory and im-
mune responses (19). To detect whether the K1L product

could inhibit transcription of the endogenous NF-�B-regulated
TNF gene during infection, the presence of TNF mRNA was
assayed by RT-PCR. Following RT of total RNA from mock-,
MVA-, or MVA/K1L-infected RK13 cells, the resultant TNF
cDNA, if present, was amplified by using PCR with primers
specific for the rabbit TNF gene (Fig. 3E). Since TNF RNA
was detected in uninfected or MVA/K1L-infected cells, NF-�B
was activated under these conditions. In contrast, successful
amplification of TNF RNA from MVA-infected cells demon-
strated that a nonproductive MVA infection could still induce
NF-�B transcriptional activation. Similar results were obtained
when the host cells were replaced by 293T cells (Fig. 3F).
However, in this situation, expression of the TNF gene was
detected during MVA/K1L infection, albeit at a reduced
amount in comparison to that occurring in the MVA-infected
cells. Thus, the K1L gene product acted to retard the transcrip-
tional regulatory ability of NF-�B. It should be noted that the
inability to amplify TNF cDNA from uninfected cells of either
origin was not due to inadequate technique, since the control
GAPDH RNA was readily detected in all samples tested.

K1L is necessary for inhibiting NF-�B activation in RK13
cells. The above studies demonstrated that insertion of the
K1L gene into the MVA genome was sufficient to alter the
biological effects of MVA on NF-�B activation. To confirm the
role of K1L in inhibiting NF-�B activation, a deletion mutant
of the WR strain lacking the K1L gene (�K1L) was assayed for
biological function in RK13 cells. As before, immunoblotting
was performed to detect I�B� in the cytoplasmic extracts of
RK13 cells infected with WR or �K1L (Fig. 4A). In WR-
infected cell lysates, I�B� was present in cell extracts harvested
1, 2, and 3 h postinfection, with I�B� levels increasing slightly
as the infection progressed. I�B� was found in �K1L-infected
cell extracts 1 h postinfection but had disappeared after an
additional 2 h. This disappearance was not due to global pro-
tein degradation, since actin levels remained unaltered during
the 3-h postinfection period. Likewise, the amount of SPI-1 (an
early viral protein) was unchanged.

To further characterize the NF-�B inhibitory function of
K1L, �K1L-infected RK13 cells were analyzed for expression
of the NF-�B-controlled transfected luciferase gene. Although
infection with the parental WR virus did not affect transcrip-
tion of the firefly gene, elimination of the K1l gene in the
�K1L virus was associated with a fourfold enhancement of
expression (Fig. 4B). The transcriptional activation state of the
host cell TNF gene also was examined in �K1L-infected cells
by using RT-PCR, and the results complemented the above
luciferase data (Fig. 4C). In this case, a positive result was only
obtained when using RNA from �K1L-infected cells at 6 or 16 h
postinfection. As before, the inability to amplify TNF RNAs from
uninfected or WR-infected cells was not due to degraded RNA,
since GAPDH amplicons were readily obtained.

DISCUSSION

Initially, a 5.2-kb EcoRI region of the Ankara genome was
shown to restore the ability of the attenuated MVA virus to
inhibit NF-�B activation. Of the genes present in this frag-
ment, K1L was considered to be the modulator, based on its
presence in other recombinant MVA viruses that also pre-
vented I�B� degradation. To substantiate this inhibitory func-

FIG. 4. K1L is necessary for inhibition of NF-�B activation in
RK13 cells. (A) RK13 cells were infected with WR or �K1L at an MOI
of 10. At the times indicated postinfection, cells were collected and
lysed in CE buffer. Equal amounts of cytoplasmic extracts were ana-
lyzed by using sodium dodecyl sulfate–12% polyacrylamide gel elec-
trophoresis and subsequent Western immunoblotting with an I�B�
antibody. In comparable blots, lysates were analyzed for actin levels to
ensure equal protein loading and SPI-1 levels to ensure active virus
infection. (B) RK13 cells were transfected with pRL-TK and pNF-
�Bluc, and 24 h posttransfection cells were infected (MOI 	 10) with
WR or �K1L. At 8 h postinfection, cells were lysed. The ratios of
firefly to sea pansy activities were determined and normalized to that
of uninfected cells. (C) RK13 cells were infected with WR or �K1L
(MOI 	 10). At 6 or 16 h postinfection, total RNA was isolated and
mRNA was reverse transcribed into cDNA. TNF and GAPDH cDNAs
were amplified by using PCR, and the resultant DNA products were
separated by electrophoresis on a 2% agarose gel and visualized with
ethidium bromide.
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tion of the K1L product, the biological activity of a recombi-
nant MVA (MVA/K1L) containing a copy of the WR strain
K1L gene was studied. As predicted, I�B� degradation was
inhibited in cells infected with this virus. Further, compared to
MVA, MVA/K1L gained the ability to inhibit transcription of
both a luciferase and TNF gene, whose expressions are regu-
lated by an artificial and natural promoter, respectively, con-
taining NF-�B binding sites. Thus, a new role can be defined
for K1L, namely that of inhibiting NF-�B activation.

Interestingly, MVA/K1L infection did not reduce NF-�B-
regulated firefly luciferase production to the extent observed in
WR-infected cells (Fig. 3). Likewise, TNF gene expression was
not completely diminished in MVA/K1L-infected 293T cells,
as was the case for WR-infected cells. These data suggest that
other poxvirus proteins may work independently or coopera-
tively with K1L to block NF-�B activation. Two obvious can-
didates that might appear to function with K1L to inhibit
MVA-induced NF-�B activity are the homologs of the vaccinia
virus strain WR A52R and A46R proteins, which prevent in-
terleukin-1 and toll-like receptor-induced NF-�B activation
(4). However, these two virus products probably do not inhibit
MVA-induced NF-�B activation, because open reading frames
with 100% identity to the A52R gene and 50% homology to
the A46R gene are present in the MVA genome and presum-
ably are transcriptionally active.

K1L is defined as a host range factor because it is necessary
for a productive WR infection in RK13 cells. Infection of
RK13 cells with a K1L deletion mutant results in an abrupt halt
of host and early viral protein synthesis; however, the molec-
ular mechanism K1L provides to permit virus replication has
not yet been identified (31, 33). On the surface, inhibition of
host NF-�B activation does not appear to be related to the host
range function, as the MVA/K1L virus inhibited NF-�B in both
nonpermissive 293T cells and permissive RK13 cells.

The signal transduction pathway that induces NF-�B activa-
tion has been well characterized (18, 24). Activated IKK phos-
phorylation of I�B� targets it for ubiquitination and degrada-
tion, thereby releasing NF-�B for subsequent interaction with
cellular DNA containing its binding sites. Given that K1L
contains ankyrin repeats present in I�B family members, an
initial prediction would be that K1L displaces I�B� and sub-
sequently binds to and inhibits NF-�B. However, because I�B�
remains in MVA/K1L-infected cells (Fig. 3), it seems unlikely
that K1L competitively binds to NF-�B, since cytoplasmic
I�B� displaced by the African swine fever virus A238L I�B�
homolog is degraded (32, 34). Alternatively, K1L may inhibit
I�B� degradation by interfering directly with IKK to prevent
phosphorylation. There is no evidence that K1L directly acts
on I�B�—it is also possible that K1L indirectly inhibits I�B�
by hampering kinases that act upstream of IKK.

Inflammation is a crucial mechanism that the innate immune
response utilizes to recruit lymphocytes to an area to control
an initial infection. It is interesting to speculate that K1L-
mediated inhibition of proinflammatory cytokine production
would dampen immune responses, resulting in prolonged virus
replication and greater disease in the host. Indeed, infection
with a vaccinia virus lacking the NF-�B inhibitory A52R gene
becomes attenuated when introduced into mice (21). In addi-
tion to orthopoxvirus proteins that inhibit NF-�B activation,
the more distantly related molluscum contagiosum virus ex-

presses MC159, a product which inhibits double-stranded
RNA-dependent protein kinase-induced and death receptor-
induced NF-�B activation (12, 20), suggesting that inhibiting
NF-�B is an important survival strategy for all poxviruses.

It seems counterintuitive that MVA initially induces NF-�B
activation. One hallmark of the Poxviridae family is that viral
genome expression occurs exclusively in the host cell cyto-
plasm. Freed cytoplasmic NF-�B would certainly be available
to bind to the poxviral promoters to activate transcription.
However, there are no obvious NF-�B consensus binding sites
in poxvirus promoters. Regardless, constitutively activated
NF-�B would prevent virus survival by inducing immune and
inflammatory responses. Thus, expression of viral-encoded
NF-�B inhibitors should enhance virus survival. It appears that
NF-�B regulation in poxvirus-infected cells is complex, with
unique viral gene products inducing and inhibiting NF-�B ac-
tivation. Using poxviruses as a tool, we have taken a genetic
approach to dissect different signal transduction cascades that
regulate NF-�B. In determining NF-�B regulators like K1L, it
may be possible to obtain a more refined sense of how poxvi-
ruses, and other viruses, control the host cell synthesis machin-
ery and the host immune response during infection.
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