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We identified an interferon regulatory factor motif (IRF-E) upstream of an NF-kB binding site in the
interleukin-15 (IL-15) promoter. Since these two motifs are part of the virus-inducible enhancer region of the
beta interferon promoter, we speculated that there might be similar responses of these two genes to stimuli
such as viruses. To test this hypothesis, 1.929 cells were infected with Newcastle disease virus (NDV), which led
to the induction of IL-15 mRNA and protein expression. Using IL-15 promoter-reporter deletion constructs, a
virus-inducible region, encompassing IRF-E, NF-kB, and a 13-nucleotide sequence flanked by these two motifs,
was mapped to the —295-to-—243 position relative to the transcription initiation site. Using cotransfection
studies, it was demonstrated that all three motifs were essential to achieve the maximum promoter activity
induced by IRF-1 and NF-kB expression plasmids. The presence of a virus-inducible region in the IL-15
promoter suggests a role for IL-15 as a component of host antiviral defense mechanisms.

Interleukin-15 (IL-15) is a cytokine that utilizes the § and vy
chains of the IL-2 receptor as well as its own private a chain
(IL-15Ra) in T and natural killer (NK) cells. IL-15 stimulates
T- and B-cell proliferation, lymphokine-activated killer cell
induction, and B-cell differentiation (1, 8, 14). There is evi-
dence for an essential role for IL-15, but not IL-2, in the
effective development of NK cells (26, 29, 30). Unlike IL-2
mRNA, which is predominantly produced by activated T cells,
IL-15 mRNA is constitutively expressed in a wide variety of
nonlymphoid cells, including activated monocytes/macro-
phages (6, 9, 14), dendritic cells (16), epithelial cells (32),
skeletal muscle cells (14, 31), astrocytes, and microglial cells
(18). In addition to the constitutive nature of the IL-15 mRNA
expression, we have demonstrated the induction of IL-15
mRNA expression upon lipopolysaccharide (LPS) and gamma
interferon (IFN-v) treatment in monocytes (6) and bone mar-
row cells (29). To study the transcriptional regulation of the
IL-15 gene, we cloned its 5" regulatory region and demon-
strated that it had promoter activity by using reporter con-
structs. Further analysis of this region revealed the presence of
two well-characterized motifs, namely, the IFN regulatory fac-
tor element (IRF-E) and nuclear factor-kappa B (NF-«B)
binding site adjacent to each other. It was demonstrated that
both of these two motifs were functionally active (4, 29).

There are many genes that are regulated by the IRF or the
NF-«B family of transcription factors (28, 36). However, there
are few known genes in which these two motifs reside at close
proximity (10, 13, 27); one of them is IFN-B (11, 13). The
IFN-B promoter region contains a virus-inducible enhancer
element which consists of four positive regulatory domains
(PRDI-to-IV). PRDI and PRDIII are IRF-E motifs, PRDII is
a canonical NF-kB motif, and PRDIV is recognized by the
heterodimer protein ATF-2—c-Jun (23). NF-«kB defines a fam-
ily of dimeric transcription factors composed of combinations
of members of the Rel/NF-kB family such as p50, p52, p65
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(RelA), c-Rel, and RelB. The predominant species is the p50-
p65 complex, which is retained in the cytoplasm by its inhibitor
IkB. Particular cell stimuli such as mitogens, cytokines, and
viruses cause proteolytic degradation of the IkB subunits in the
cytoplasm and subsequent translocation of the NF-«kB proteins
into the nucleus, which results in the activation of NF-«B
target genes (5, 24, 36). IRF-E motif in the IFN-f is recognized
by different members of the IRF family, including IRF-1,
IRF-2, IRF-3, and IRF-7 (22, 41). IRF-1 and IRF-2 are ex-
pressed in a variety of cells. IRF-1 expression is induced by
virus infection and also by IFN-a/B and IFN-y. IRF-1 activates
the IRF-E elements present in the IFN-f promoter region. In
contrast to that, IRF-2 is an inhibitor of transcription (15, 37).
IRF-3 is a recently described protein, which is constitutively
expressed by variety of cells (2). Its expression does not in-
crease after viral infection or treatment with IFNs. However,
IRF-3 is phosphorylated after virus infection, which results in
its translocation to the nucleus and activation of several genes
(21, 34). In addition to IFN-« and - promoters, the RANTES
(regulated on activation normal T-cell expressed and secreted)
chemokine promoters are activated by IRF-3 (20).

The presence of enhancer elements such as NF-kB and
IRF-E in the promoter region of IL-15 gene raises the possi-
bility of comparable responses to certain stimuli which activate
the IFN-B gene. It has been documented that viruses induce
the expression of both IRF and NF-«kB proteins, which subse-
quently activate a number of cellular genes (36, 37). In partic-
ular, the IFN-B gene is induced by viruses and its protein is
released from virus-infected cells, thereby conferring antiviral
effects on neighboring cells (40). The resemblance of IL-15 and
IFN-B gene promoters prompted us to study the response of
IL-15 gene to viruses.

We utilized mouse fibroblast cell line 1929 to study IL-15
gene transcription after virus infection. The Newcastle disease
virus (NDV) has been shown to induce IFN-8 mRNA in 1.929
cells (25). Here, we demonstrated that NDV also induced
IL-15 mRNA and protein expression in these cells. We further
identified a virus-inducible region in the mouse IL-15 pro-
moter region. This region consists of IRF-E, NF-kB, and a
13-nucleotide spacer sequence which separates the IRF-E and
NF-kB motifs. Using deletion and mutational analysis, we
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demonstrated that all the three elements of NF-«B, IRF-E,
and the spacer sequence are essential for activation of the
IL-15 promoter by viruses. Together, the data presented in this
study demonstrate that IL-15 gene becomes activated by vi-
ruses through a virus-inducible region in its promoter.

MATERIALS AND METHODS

Cloning of the IL-15 promoter and plasmid construction. The mouse IL-15
promoter was cloned as described previously (4) using two antisense primers
from the mouse IL-15 exon 1 sequence (5'-CCTGACCTCTCTGAGCTGTTA
GATGTGG-3', 5'-CCAAACACAGCAGGATCCCGTCTTCG-3"). The ampli-
fied fragment was subcloned into the PCR2.1 vector (Invitrogen). The transcrip-
tion initiation site was determined using S1 nuclease mapping (Ambion).

The —706/Luc, —295/Luc, —243/Luc, and —243(+NF-«B) deletion constructs
were PCR amplified and then subcloned into the pGL3 Basic plasmid (Pro-
mega). The —243(+IRF-E)/Luc construct was generated using a primer which
had the IRF-E motif from the mouse IL-15 promoter region (CTTTCTCTTTC
ACTTTTCT) and the —243/Luc construct as the template. The 123/Luc, 124/
Luc, 129/Luc, and 99/Luc constructs were generated by cloning the correspond-
ing double stranded oligonucleotides into the pGL3-promoter plasmid using
Kpnl and Xhol sites (Promega). The mutant constructs were generated using a
site-directed mutagenesis kit (Stratagene). The construct —295(mtIRF-E)/Luc
had four mutations in the following sites: CTCTTTCTCT(T—G)(T—C)CACT
T(T—G)(T—C)CT. The construct —295(mtNF-(B)/Luc had two mutations in
the following sites: G(G—A)(G—T)ACTCCCC. The construct —295(mtIRF-
E+mtNF-(B)/Luc had the same mutations in both IRF-E and NF-«B sites.

The IRF-1 expression plasmid contains IRF-1 cDNA in pACT-1 (15), and the
p50 and p65 cDNAs were subcloned into pMT2T plasmid (7). The IRF-3 ex-
pression plasmids, including wild-type IRF-3, the constitutively active form of
IRF-3 or IRF-3(5D), or the nonfunctional mutant form of IRF-3 which lacks its
DNA-binding domain orIRF-3(AN) (these plasmids were generous gifts from
John Hiscott at The University of McGill) were generated in the CMVBL vector
(19).

Reporter assays. Two micrograms of reporter or expression plasmids was
transfected into p19 cells using Genepulser II (Bio-Rad; 250 V/950 wF) and into
1929 cells using the DEAE-dextran method. The luciferase activity was mea-
sured 48 h after transfection (Promega). The total amount of the DNA trans-
fected into the cells was equalized by adding irrelevant DNA (pUC19). Each
assay was performed at least three times. The average value and the standard
deviation for each transfection is demonstrated in each graph.

EMSA and footprinting assay. Electrophoretic mobility shift assay (EMSA)
for IRF-E was performed according to the protocol published previously (15)
and CTTTCTCTTTCACTTTTCT as the probe. The supershift assay was per-
formed using an anti-IRF-1 antibody (1 pg/ml) (a generous gift from Taniguchi
and Taki, University of Tokyo, Tokyo, Japan). The NF-kB EMSA was performed
using the NF-kB motif from the IL-15 promoter (TTGGGACTCCCCGG) and
was compared to the consensus NF-kB (¢cNF-kB) motif from the human immu-
noglobulin kB gene (AGGGGACTTTCCCAG) as described previously (4). The
COS p50-p65 transfected cell extract used as a positive control, and anti-p50 and
anti-p65 antibodies used in the supershift assays were described previously and
were generous gifts from U. Siebenlist (National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health). The EMSA was performed as
described previously (4). All of the antibodies used in these assays (except the
anti-IRF-1, -p50 and -p65 antibodies) were supershift-quality antibodies and
were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.).

RPA. 1929 cells were infected with NDV as described by Watanabe and
Kawade (40). At 1, 3, 6, and 12 h postinfection, total RNA was extracted from
these cells. Then, 10 pg of the total RNA was used for an RNase protection assay
(RPA) as described previously (4) using probes for mouse IRF-1 or IL-15, which
were generated by cloning part of the IRF-1 or IL-15 ¢cDNA, respectively, in
pCR2.1 plasmid (Invitrogen). The GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) probe was purchased from a commercial source (Ambion).

Northern blot analysis. A total of 20 wg of the same preparation of total RNA
which was used for RPA was utilized in a Northern blot analysis. The blot was
probed with the labeled IFN-B probe and subsequently with B-actin probe to
monitor the mRNA loading.

Western blot analysis. In order to detect the IL-15 protein produced by
NDV-infected L929 cells, the cell pellet and supernatant of the NDV(—) and
NDV/(+) L929 cells were collected 24 h postinfection. The lysates were prepared
with a modified radioimmunoprecipitation assay buffer and immunoprecipitated
using an anti-mouse IL-15 monoclonal antibody (Pharmingen). Immunoblotting
was performed using the same antibody with the enhanced chemiluminescence
detection method according to the manufacturer’s instructions (Amersham).

RESULTS

Molecular cloning of the mouse IL-15 promoter. To study
the transcriptional regulation of the IL-15 gene, we cloned the
IL-15 5’ regulatory region using a mouse genomic library as
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described in the Materials and Methods (Fig. 1A). The tran-
scription initiation site was determined by S1 nuclease map-
ping using mRNA isolated from the 10P12 cell line that con-
stitutively expresses IL-15 mRNA (Fig. 1B). Upon sequence
analysis, we discovered two overlapping IRF-E motifs (these
two motifs as shown in A-rich sequence are GAGAAAGAG
AAAGAGAAAAGA) and one NF-kB motif (GGGACTCC
CCQ) at nucleotide positions —295 and —253, respectively, rel-
ative to the transcription initiation site. The IRF-E and NF-xB
motifs were separated by 13 bp as shown in Fig. 1A.

Induction of IL-15 mRNA and protein in 1L929 cells by NDV.
To study IL-15 transcription, the 1929 cell line, a mouse fibro-
blast cell line, which has been used extensively in IFN regula-
tory pathway studies, was selected. It was reported that, when
infected with NDV, the IFN-B gene was induced in 1929 cells
(13). To examine the effect of viral infection on IL-15 gene
expression, L929 cells were treated with NDV. Total RNA was
isolated from these cells which was used subsequently to mon-
itor for IL-15 and IFN-B mRNA levels before and after infec-
tion. As shown in Fig. 2A, IL-15 mRNA was induced only after
treating 1929 cells with NDV as determined by an RPA. Since
IRF-1 is one of the genes which becomes activated by viruses,
its expression in NDV-infected L.929 cells was examined. As
shown in Fig. 2A, IRF-1 mRNA was also induced following
NDV infection almost in parallel with that of IL-15. In this
assay, GAPDH probe was included to monitor for the quality
and loading of each RNA sample. To confirm that IFN-3
mRNA was upregulated by NDV infection, a Northern blot
analysis was performed. As shown in Fig. 2B, IFN-f mRNA
was expressed only after NDV infection in 1.929 cells, and the
kinetics of its expression were identical to that of IL-15. This
blot was stripped and reprobed with -actin to demonstrate the
amount of the RNA loaded in each lane.

Next, we examined whether IL-15 mRNA induction by NDV
is mediated by induction of IFN-B mRNA. Since the kinetics of
mRNA induction for both IL-15 and IFN-B are almost iden-
tical (Fig. 2), it is unlikely that IL-15 mRNA is induced by
IFN-B. In contrast, the kinetics of induction of these two genes
follow that of IRF-1 (IRF-1 mRNA is induced 3 h after NDV
infection which proceeds by IL-15 and IFN-B mRNA induction
that occurs 6 h after NDV infection). This suggests that the
induction of IL-15 and IFN-B mRNA by NDV are parallel, but
not consequential, events which may be mediated by common
transcription factors. Nevertheless, to answer the question of
whether IL-15 mRNA is induced by IFNs in 1929 cells, we
examined IL-15 mRNA expression after treating L929 cells
with various doses of IFN-«, -, and -y using an RPA identical
to that used in Fig. 2A. As shown in Fig. 2C, while IRF-1
mRNA was induced, under no circumstances was IL-15
mRNA induced. This confirms that IFN alone is not sufficient
to induce IL-15 mRNA in L.929 cells. Furthermore, it indicates
that IRF-1 alone is not sufficient either for induction of IL-15
mRNA in these cells. Together, these results suggest that NDV
infection of 1.929 cells provides a signal in addition to that
provided by IFNs or IRF-1 which induces IL-15 mRNA.

To determine whether IL-15 mRNA induction resulted in
IL-15 protein production, a Western blot analysis was per-
formed using lysates from 1.929 cells before and after NDV
infection. As shown in Fig. 2D, only NDV-infected L929 cells
produced IL-15 protein, a finding which is in accord with IL-15
mRNA induction by this virus.

Identification of a virus-responsive element in the IL-15
promoter. To define the region of the IL-15 promoter which
responds to NDV infection, a set of deletion constructs span-
ning the IL-15 promoter was generated. Figure 3A shows a
schematic representation of various IL-15 constructs in the
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FIG. 1. (A) Nucleotide sequence of the mouse IL-15 5'-flanking region. These sequence data have been submitted to the GenBank database under accession
number AF038164. The underlined portion represents the exon 1 sequence. Positions of the IRF-1 and NF-«kB putative motifs (shown in uppercase) relative to the
transcription initiation site (G, denoted as +1) are shown. (B) S1 mapping analysis of the mouse IL-15 gene. The transcription initiation site was determined using an
S1 nuclease assay. The arrow indicates the protected fragment which comigrated with a C fragment in the DNA sequencing ladder (shown as G+1) that was generated

using the antisense strand as a template.

pGL3-basic luciferase reporter plasmid. 1.929 cells were trans-
fected with various IL-15 promoter-reporter constructs, and
their luciferase activities were measured before and after NDV
infection (Fig. 3B). The promoter activity of the full-length
IL-15 promoter in the luciferase construct (m15/Luc), the
—706/Luc construct, and the —295/Luc construct which con-
tained the IRF-E and NF-«kB motifs increased to the maximum
of 40-fold after NDV infection. The luciferase activity of the
—295/Luc construct after NDV infection was greater than
those of the m15/Luc and —706/Luc constructs. This may be
due to elimination of some inhibitory motifs which are present
upstream of the —295 position. The luciferase activity of the
IL-15 promoter after NDV infection was almost completely
abrogated when the luciferase activity of the —295/Luc dele-
tion construct was compared to that of the —243/Luc deletion
construct, indicating that the region between positions —295
and —243 was crucial for IL-15 induction after virus infection.
Further analysis revealed that this region includes both the
IRF-E and NF-kB binding motifs. To assess the contribution
of each of these transcription factors, reporter constructs were
generated that included the IRF-E or NF-«kB binding se-
quences added to the —243/Luc construct. The —243(+NF-
kB)/Luc construct, which was generated by adding the NF-«xB
motif to the —243/Luc, exhibited a 10-fold increase in its re-
porter activity after NDV infection. The reporter activity of the
construct —243(+IRF-E)/Luc that contained the IRF-E motif
was increased 20-fold after NDV infection. As shown in Fig.
3B, the reporter activities of the —243(+NF-«kB)/Luc and
—243(+1IRF-E)/Luc constructs were 75 and 50% lower, re-
spectively, than that of the —295/Luc construct. These obser-

vations suggest that the region between positions —295 and
—243, which includes IRF-E and NF-«B motifs, is essential for
optimal NDV activation of the IL-15 promoter.

IRF-1 protein binds to the IRF-E motif in the IL-15 pro-
moter region after NDV infection. To determine whether any
transcription factor binds to the IRF-E motif upon NDV in-
fection, an EMSA experiment was performed. As shown in Fig.
4, the IRF-E motif forms a DNA-protein complex with cell
extracts generated from 1.929 cells before and after NDV in-
fection. Addition of the anti-IRF-1 antibody resulted in a mo-
bility shift of a portion of the complex only in NDV-infected
cells, thus confirming that NDV infection facilitated the com-
plex formation between IRF-1 protein and the IRF-E element
in 1929 cells. The lower band indicated by an arrow was likely
a nonspecific band since it was present in 1929 cell extracts
both before and after NDV infection. Furthermore, various
antibodies against different members of the IRF family, includ-
ing IRF-2, IRF-3, IRF-7, ICSBP, ICSAT, and ISGF3, were
used in supershift assays in order to identify other IRF family
members which may be present in NDV-infected 1929 cells.
However, no other IRF-related protein was identified. Never-
theless, we cannot exclude the possibility that these antibodies
may not be able to recognize their cognate protein in a DNA-
protein complex. These data support the view that the IRF-1
protein is induced only after NDV infection of 1.929 cells and
is recruited to the already existing DNA-protein complex and
thereby exerts its effect on the IL-15 promoter.

NDV infection induces p50 and p65 subunits of the NF-kB
family in L929 cells. In order to evaluate the status of the
NF-«kB expression in the 1.929 cells before and after NDV
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FIG. 2. (A) Parallel induction of IRF-1 and IL-15 mRNA in NDV™" 1929 cells. An RPA was carried out in NDV-infected 1929 cells at 0, 1, 3, 6, and 12 h
postinfection. Both IRF-1 and IL-15 mRNA appeared in parallel 3 h after NDV infection of 1929 cells. The GAPDH probe was included in this experiment to monitor
for RNA quality and loading. (B) Induction of IFN-B mRNA after NDV infection with 1929 cells. Northern blot analysis was performed using the same RNA which
was used in the RPA shown in panel A. The blot was hybridized with IFN-B and subsequently with B-actin probes. Induction of the IFN-B mRNA occurs after 3 h,
indicating similar kinetics when compared to IL-15 and IRF-1 mRNA induction. B-Actin bands in this figure show equal levels of RNA loaded in each lane. (C)
Induction of IRF-1, but not IL-15 mRNA, by interferons in 1929 cells. 1929 cells were treated with media alone (lane 1), 100 ng of IFN-a per ml for 6 h (lane 2) and
12 h (lane 3), 100 ng of IFN-B per ml for 6 h (lane 4) and 12 h (lane 5), and 100 ng of IFN-y per ml for 6 h (lane 6) and 12 h (lane 7). An RPA identical to that shown
in panel A was used to analyze the RNA obtained from these cells for expression of IRF-1, IL-15, and GAPDH. To demonstrate the quality of the IL-15, IRF-1, and
GAPDH probes used in this assay, the unprotected probe was loaded in lane 8. (D) Induction of the IL-15 protein in NDV-infected 1929 cells. Western blot analysis
was performed with the total cellular lysates from NDV-infected and noninfected 1.929 cells. IL-15 was detected only in the cellular lysates prepared from NDV-infected
1929 cells. Immunoglobulin light-chain molecules of the anti-IL-15 antibody used for immunoprecipitation were present in both lanes migrating at 25 kDa.

infection, several EMSAs were performed. The NF-kB motif
from the IL-15 promoter region was compared with the con-
sensus NF-kB motif from the immunoglobulin light chain in its
ability to interact with the p50 and p65 subunits of the NF-kB
protein. As shown in Fig. 5A, p50 and p65 proteins of the
NF-kB formed the p50-p50 homodimer and p50-p65 het-
erodimer with both the consensus NF-kB motif and the IL-15
NF-kB motif when extracts from the p50 and p65 transfected
COS cells were used. The nature of these dimers was con-
firmed using antibodies against p50 or p65 proteins. These data
demonstrate that pS0 and p65 subunits of the NF-kB protein
bind to the IL-15 NF-kB motif. In order to determine if the
NF-«kB proteins were present in the resting or NDV-infected
1929 cells, we performed an EMSA using the extracts from the

L929 cells before and after NDV infection. As shown in Fig.
5B, the p50-pS0 homodimer and pS50-p65 heterodimer were
present in 1929 cells before NDV infection, indicating that
these proteins were constitutively produced by these cells, a
phenomenon which may contribute to the constitutive expres-
sion of the IL-15 gene. However, after NDV infection of these
cells, an additional induction of the p50-p65 heterocomplex
was observed which was confirmed by a supershift assay using
an anti-p65 antibody. This observation is in accord with previ-
ous studies demonstrating that the p65 protein is induced upon
stimulation such as that observed with virus infection (12).
IRF-E and NF-kB binding motifs are essential for activation
of the IL-15 promoter. In order to assess the contribution of
each IRF-E and NF-«B motif to the activity of the IL-15
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FIG. 3. (A) Schematic representation of IL-15 promoter deletion constructs
subcloned into pGL3-basic luciferase plasmid. (B) Induction of IL-15 promoter
reporter activity in NDV(+) L929 cells. Reporter assays were carried out in
NDV(+) and NDV(—) L929 cells. The luciferase activity is shown as the fold
induction over the negative control, which is the luciferase plasmid with no
promoter sequence (pGL3-basic). A maximum of 40-fold induction in the re-
porter activity was observed after NDV infection of 1.929 cells only when these
cells were transfected with constructs bearing the IRF-E and NF-«kB motifs
(—706/Luc and —295/Luc). Deletion of this region containing IRF-E and NF-«B
motifs in —243/Luc construct resulted in the loss of promoter activity after NDV
infection, indicating that this region is essential for IL-15 promoter activation by
NDV. Addition of NF-kB motif to the —243/Luc construct [—243(+NF-kB)/
Luc] decreased the reporter activity about fourfold over that of —295/Luc after
NDV infection. Addition of IRF-E motif to the —243/Luc construct
[—243(+IRF-E)/Luc] caused an approximately twofold decrease in the promoter
activity of the —295/Luc construct.

promoter, several deletion constructs were generated in the
—295/Luc construct. The —295/Luc construct was selected for
introducing mutations since this construct showed the highest
promoter activity after NDV infection of 1.929 cells (Fig. 3B).
The —295(mtIRF-E)/Luc and —295(mtNF-«kB)/Luc constructs
have mutations in the IRF-E and NF-kB sites as described in
Materials and Methods. The —295(mtIRF-E + NF-«B)/Luc
construct bears mutations in both the IRF-E and NF-«B bind-
ing sites. Since both IRF-1 and NF-«kB proteins were induced
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FIG. 4. Formation of the IRF-E-IRF-1 complex in NDV-infected 1929 cells.
A radiolabeled IRF-E probe from the IL-15 promoter region (CTTTCTCTTT
CACTTTCT) was incubated with total cellular extracts from NDV-infected
(lanes 3 and 4) and noninfected (lanes 1 and 2) 1.929 cells. The resulting complex
was analyzed on a nondenaturing polyacrylamide gel. When an antibody against
IRF-1 was included in the reaction, it supershifted an IRF-E-IRF-1 complex
only from NDV-infected L1929 cells (lane 4; indicated by the upper arrow). Note
the presence of a residual complex in lanes 1 to 4 that was not shifted by the
addition of the antibody. This complex was likely to be a nonspecific band since
it was present in 1.929 cell extract both before and after NDV infection. The
lower arrow in NDV-infected 1929 cells indicates a complex that at least contains
IRF-1 protein bound to the IRF-E probe.

after NDV infection (Fig. 4 and 5), the mutant constructs were
cotransfected with the IRF-1, p50, and p65 expression plas-
mids. Cotransfection studies were performed in p19 cell line, a
cell line that is deficient in endogenous IRF-1 and has minimal
levels of the NF-kB proteins as determined by EMSA (data not
shown). As shown in Fig. 6, cotransfection of —295/Luc con-
struct with IRF-1, p50, and p65 expression plasmids resulted in
an approximately 25-fold increase of its reporter activity (fold
increase is measured as luciferase activity of the construct over
that of the pGL3 basic plasmid). However, cotransfection of
the mutant construct —295(mtIRF-E)/Luc or —295(mtNF-
kB)/Luc constructs with these expression plasmids resulted in
only four- and sixfold increases, respectively. When the double
mutant construct —295(mtIRF-E + mtNF-kB)/Luc construct
was cotransfected with IRF-1, p50, and p65 expression plas-
mids, no induction of its luciferase activity was observed. These
data indicate that both IRF-E and NF-kB sites are essential to
confer maximum promoter activity to the IL-15 promoter.
Cooperation between IRF-1 and NF-kB transcription fac-
tors in activating the virus-inducible region of the IL-15 pro-
moter. To further study the potential interaction between
IRF-1 and NF-«B, the region of the IL-15 promoter at posi-
tions —295 to —243 nucleotide, which contained two IRF-E
motifs and the NF-kB enhancer element, was cloned into the
luciferase reporter plasmid (pGL3) with the simian virus 40
promoter sequence (124/Luc) (Fig. 7A). In order to assess the
contribution of the second IRF-E motif, another luciferase
construct which included only one of the IRF-E motifs of the
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FIG. 5. (A) The formation of the NF-kB motif-p50 and —p65 complexes before and after NDV infection in 1929 cells. Binding of the p50 and p65 subunits of the
NF-«B protein to the NF-kB motif from the IL-15 promoter region (IL-15 NF-kB) TTGGGACTCCCCGG and immunoglobulin kB promoter region as consensus
NF-«B (cNF-kB) AGGGGACTTTCCCAG was compared in an EMSA using COS cell extract transfected with p50 and p65 expression constructs. Both ¢cNF-«kB and
IL-15-NF-«B motifs bound to p50-p50 and p50-p65 complexes, as indicated by arrows (lanes 1 and 4). These complexes were further analyzed using antibodies against
p50 and p65 proteins (lanes 2, 3, 5, and 6). (B) The induction of the NF-«B proteins after NDV infection. Both p50-p50 homodimer and p50-p65 heterodimer bound
to the IL-15-NF-«B motif, as shown by arrows (lanes 1 and 4). However, the p65 protein was greatly induced after NDV infection of the 1929 cells, as shown in lane
4 and in the supershifted complex using anti-p65 antibody (compare lanes 3 and 6).

As shown in Fig. 7B, cotransfection of IRF-1 expression
plasmid with the IL-15 reporter-promoter constructs, 123/Luc
and 124/Luc, resulted in a minimum increase in their luciferase

124/Luc plasmid was generated and named 123/Luc. Since
IRF-E (PRDI and PRDIII) and NF-kB (PRDII) motifs were
also in proximity in the IFN-B promoter, the region of the

IFN-B promoter that contained these motifs was cloned into
the luciferase plasmid (99/Luc and 129/Luc, respectively) (Fig.
7A). These constructs were used for transfection into p19 cells.

activities (about two- and fourfold, respectively). Similarly, co-
transfection of these two constructs with NF-kB p50 and p65
expression plasmids also increased the luciferase activities of

-295/MLucH4:
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FIG. 6. Mutational analysis of IL-15 virus inducible element region. The —295/Luc construct contains both IRF-E and NF-«B motifs. This construct was activated
almost 25-fold by IRF-1 and NF-«kB p50 and p65 expression plasmids when it was cotransfected into p19 cells. Introducing mutation in IRF-E or NF-«B motifs in the
—295/Luc construct resulted in a significant decrease in the luciferase activity of the —295(mtIRF-E)/Luc and —295(mtNF-«B)/Luc constructs in similar experiments.
When the —295(mtIRF-E + mtNF-kB)/Luc construct, which bears mutations in both IRF-E and NF-«B motifs, was cotransfected with IRF-1, p50, and p65 expression
plasmids, no luciferase activity was observed. These data indicate that both IRF-E and NF-«kB motifs are essential for activity of IL-15 promoter region induced by
IRF-E and NF-kB binding elements.
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IRF-E and NF-xB Motifs from the IFN-8 Promoter Region
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FIG. 7. (A) Schematic representation of virus-inducible regions of IL-15 and
INF-B promoters subcloned into the pGL3-promoter luciferase plasmid. (B)
IL-15 virus-inducible constructs respond to IRF-1 and NF-«kB proteins in p19
cells. The luciferase assay was carried out in p19 embryonic carcinoma cells that
lack endogenous IRF-1 protein expression. IRF-1, p50, or p65 expression plas-
mids, singly or in combination, were cotransfected with the IL-15 virus-inducible
reporter constructs (123/Luc and 124/Luc) as indicated in each graph. The
promoter activity is shown as the luciferase activity. The IRF-1, p50, and p65
expression plasmids induced 123/Luc and 124/Luc constructs minimally. How-
ever, cotransfection of all three plasmids activated the reporter constructs about
10-fold. (C) PRDI-PRDIII regions from the IFN-B virus-inducible constructs
respond to IRF-1 and NF-kB proteins in p19 cells, but to a lesser extent com-
pared to those of IL-15. The same experiments were performed with IFN-B
reporter constructs (99/Luc and 129/Luc constructs) as described in the Fig. 6
legend. Cotransfection of all three plasmids activated the reporter constructs
about fivefold.

the 123/Luc and 124/Luc constructs only about twofold. How-
ever, cotransfection of IRF-1, p50, and p65 expression plas-
mids together with 123/Luc or 124/Luc constructs led to a
10-fold increase of the promoter activities of both reporter
constructs, suggesting that NF-kB and IRF-1 are both needed
for meaningful induction of 123/Luc and 124/Luc reporter ac-
tivities. Comparing luciferase activities of 123/Luc (with one
IRF-E motif) and 124/Luc (with two IRF-E motifs) constructs
in cotransfection studies reveals that the second IRF-E motif
increases the activity of the enhancer region in response to the
IRF-1 protein about twofold. However, it does not contribute
to the luciferase activity of these constructs when cotransfected
with IRF-1, p50, and p65 plasmids, since they both showed a
10-fold increase in their luciferase activities. This suggests that
the necessary interactions between IRF-1 and NF-«kB proteins
can be adequately formed with one IRF-E motif.

In a similar experiment, IRF-1, p50, and p65 expression
plasmids were cotransfected with 99/Luc and 129/Luc plasmids
(from IFN-B promoter). As shown in Fig. 7C, cotransfection of
129/Luc and 99/Luc constructs with IRF-1 expression plasmids
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yielded a minimum increase in the promoter activities of each
construct (about two- and fourfold, respectively). Additionally,
cotransfection of 129/Luc or 99/Luc constructs with NF-kB p50
and p65 expression plasmids resulted in only 2- and 1.5-fold
increases in 129/Luc and 99/Luc activities, respectively. How-
ever, cotransfection of IRF-1, p50, and p65 expression plas-
mids with 129/Luc and 99/Luc constructs resulted in a fivefold
increase in the promoter activity of each construct. These data
suggest that IRF-1 and NF-kB cooperate in activating the
transcription of both IL-15 and IFN-B promoters.

The spacer sequence is essential for activity of the IL-15
virus-inducible region. As shown in Fig. 7A, the virus-induc-
ible region of IL-15 promoter consists of IRF-E, NF-kB, and a
13-bp sequence separating these two motifs. Both IRF-E and
NF-kB motifs have been shown to be essential in activating
IL-15 promoter. In order to study the role and significance of
the spacer sequence, we generated several constructs in which
the spacer sequence was either removed or replaced by a
mutant sequence. In the 128/Luc construct the spacer se-
quence was removed from the IL-15 reporter construct (123/
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FIG. 8. The spacer sequence contributes to the IL-15 virus-inducible re-
porter activity. (A) The 128/Luc construct with the native spacer sequence is
activated about 10-fold when cotransfected with IRF-1, p50, and p65 expression
plasmids into the p19 cells. However, when the spacer sequence was removed in
128/Luc, no reporter activity was observed in a similar experiment. Replacement
of the native spacer sequence with an irrelevant sequence with the same number
of nucleotides in the 126/Luc construct did not increase the promoter activity of
this construct when it was cotransfected with IRF-1, p50, and p65 expression
plasmids. This indicates the importance of the spacer sequence in the activity of
the virus-inducible region. (B) The spacer sequence forms a DNA-protein com-
plex with p19 cell extracts. Total cell extracts were prepared and used in an
EMSA with the spacer as a probe (CTGTTAGCTGGGGTT). The arrow indi-
cates the position of the DNA-protein complex. The spacer unlabeled probe was
added at 50X excess, as indicated in this figure.

Luc) and in the 126/Luc construct the spacer sequence was
replaced by an irrelevant sequence with the same number of
nucleotides (GACTCTGAGCTCA). These reporter constructs
contained only one IRF-E enhancer motif, since addition of the
second IRF-E motif in cotransfection studies did not contribute
to the overall promoter activity of the 123/Luc construct (Fig. 7B).
As shown in Fig. 8A, both 126/Luc and the 128/Luc constructs
showed lower promoter activities in response to IRF-1, p50, and
p65 cotransfection compared to that of the 123/Luc construct.
These data indicate that the spacer sequence had a positive effect
on the transcription of IL-15 virus-inducible region reporter con-
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struct when it was cotransfected with IRF-1 and NF-kB expres-
sion plasmids. This positive effect seems to be due to the specific
sequence of the spacer region and not merely due to the presence
of a particular distance (13 nucleotides) between the IRF-E and
NF-«kB motifs. This raises the possibility of the spacer sequence
acting as a binding and recognition site for some proteins. In
order to examine this possibility, an EMSA was performed to
examine whether the spacer sequence is recognized by a protein
in the p19 cell extract. Since all the cotransfection studies were
performed in uninfected cells, we used uninfected p19 cell lysates
in gel shift assays to assess the basal expression of a potential
DNA-binding protein which recognizes this sequence. A DNA-
protein complex was generated, and its formation was competed
by adding 50X molar excess of the unlabeled spacer probe which
showed the specificity of this binding (Fig. 8B). This suggests that
the spacer sequence may serve as a motif for a protein which has
a basal level of expression in the p19 cells. It is possible that the
expression of this protein increases or gets modified after virus
infection. This protein may contribute to the inducibility of the
IL-15 virus-inducible region.

IRF-3 activates IL-15 promoter-reporter constructs. It was
shown recently that IRF-3 is an essential factor for virus-
induced activation of IFN-B gene (17, 41). IRF-3 is constitu-
tively expressed in a variety of cells, and its mRNA expression
is not induced after NDV infection. However, IRF-3 is phos-
phorylated after virus infection, which is followed by its sub-
sequent translocation to the nucleus. The phosphorylated form
of IRF-3 is thought to be the transcriptionally active form of
this molecule (19). Since 1929 cells are fibroblast cells and
IRF-3 is expressed in these cells, we examined the role of
IRF-3 transcription factor in activating the IL-15 promoter.

In order to examine the effect of the IRF-3 on activation of
the IL-15 promoter, cotransfection studies were performed
using IL-15 promoter-reporter constructs and IRF-3 expres-
sion plasmids. The —295/Luc construct was used for transfec-
tion studies since this construct produced the highest reporter
activity after virus infection (Fig. 3B). The —295/Luc construct
was cotransfected with a wild-type IRF-3 expression plasmid.
In order to resemble the phosphorylated form of the IRF-3 in
these cotransfection studies, an active mutant of IRF-3, namely
IRF-3(5D), which is capable of constitutively activating the
IFN-B promoter-reporter was used (19). As a control, a mutant
form of IRF-3, IRF-3(AN) which lacks its DNA-binding do-
main, was also used in similar experiments. As shown in Fig. 9,
the luciferase activity of the —295/Luc construct increased
when it was cotransfected with an active form of IRF-3(5D)
expression plasmid about 45-fold. The wild-type form of IRF-3
expression plasmid did not increase the luciferase activity of
the —295/Luc construct significantly. The IRF-3(AN) mutant
construct did not induce the —295/Luc construct luciferase
activity either. These data suggest that IRF-3 transcription
factor in its active (phosphorylated) form can activate IL-15
promoter. The IRF-3 or IRF-3(5D) plasmids was not able to
induce promoter activity in the —295(mtIRF-E)/Luc construct
which bears mutations in its IRF-E motif in the same experi-
ment. This clearly indicates that IRF-3 transcription factor
confers promoter activity to the IL-15 promoter via the IRF-E
binding site. Upon virus infection, the IRF-3 protein becomes
phosphorylated and can activate transcription of several genes,
including that for IL-15.

DISCUSSION

In this study, we demonstrated that the cloned IL-15 pro-
moter region was a functional promoter which was activated
after NDV infection of 1929 cells. The region responsive to
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FIG. 9. IRF-3 activates the promoter activity of the IL-15 promoter-reporter
constructs. The —295/Luc construct of IL-15 promoter was cotransfected with
the wild-type IRF-3 or its active form IRF-3(5D) into p19 cells. The IRF-3(5D)
expression plasmid conferred about a 45-fold increase in the luciferase activity
over that of the basic luciferase (pGL3) plasmid. In contrast, the IRF-3 domi-
nant-negative IRF-3(DN) did not activate the —295/Luc construct. In a similar
experiment, no promoter activity was observed when —295(mtIRF-E)/Luc re-
porter construct was used which bears mutant IRF-E motif.

virus infection in the IL-15 promoter region was mapped to be
between positions —295 and —243 relative to the transcription
start site. This region includes two overlapping IRF-E maotifs,
one NF-«kB binding motif, and a 13-nucleotide spacer sequence
which separates these IRF-E and NF-kB motifs. By using
IL-15 promoter-reporter mutation and deletion constructs in
transfection studies, it was demonstrated that both IRF-E and
NF-kB motifs are essential elements of the virus-inducible
region of the IL-15 promoter. As demonstrated in cotransfec-
tion studies, IRF-1 or NF-kB (p50 and p65) expression plas-
mids are able to activate the virus-inducible region of the IL-15
promoter-luciferase constructs which bear IRF-E and NF-«B
motifs. However, the maximum luciferase activity was achieved
when all three plasmids were cotransfected. These data indi-
cate that there is a cooperation between IRF-1 and NF-«kB p50
and p65 subunits in activating the IL-15 promoter. These data
are in accord with previous reports indicating cooperation be-
tween IRF-1 and NF-«B proteins in activating the promoter of
other genes, including those of IFN-B, major histocompatibil-
ity complex class I, VCAM-I, and iNO synthase (10, 27, 35, 38).

Furthermore, it seems that the spacer sequence separating
IRF-E and NF-kB motifs in the IL-15 promoter region plays
an important role in activating the IL-15 promoter virus-induc-
ible region. Its removal or substitution with an irrelevant se-
quence abolished the promoter activity of the IL-15 virus-
inducible region reporter construct when it was cotransfected
with IRF-1, p50, and p65 expression plasmids. This indicates
that not only the distance between IRF-E and NF-«B binding
motifs but also its sequence content is crucial for the activity of
the virus-inducible region of IL-15 promoter. The spacer se-
quence was recognized by a protein(s) present in the extracts
of p19 cells, as shown by a gel shift assay. This protein(s) may
serve as a transcription factor or coactivator of transcription.
However, it did not seem that this sequence can confer pro-
moter activity alone, since three tandem repeats of this se-
quence in the luciferase reporter plasmid did not induce any
promoter activity when it was transfected into p19 cells. It
is possible that this protein(s) acts as a glue factor, bringing
the IRF-1 and NF-kB subunits together, and provides the
necessary interactions between these elements. It has been
demonstrated that the presence of the high-mobility group,
HMGI(Y), is required to fully activate the transcription of the
virus-inducible element in the IFN-B promoter (11, 39).
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HMGI(Y) proteins bind to the AT-rich sequence in the PDRII
and to the flanking AT sites of the PRDIV. It will be interest-
ing to see if the protein(s) which binds to the spacer region in
the IL-15 promoter is acting on this enhancer region with a
function similar to that of HMGI(Y).

As shown in this study, IRF-3 and, more significantly, its
constitutively active mutant IRF-3(5D) is capable of activating
IL-15 promoter in transient assays. It has been shown in sev-
eral reports that IRF-3 is a crucial factor in activating IFN-
gene transcription (17, 41). This indicates that in addition to
IRF-1 and NF-kB transcription factors, another element,
namely, IRF-3, is utilized by both virus-inducible promoter
regions of IL-15 and IFN-B. This, in turn, results in a similar
induction pattern of IL-15 and IFN-B genes in response to
NDYV infection. As mentioned before, IRF-3 is a transcription
factor which is constitutively expressed in variety of cells and is
located in the cytoplasm in a latent state. After viral infection,
IRF-3 becomes phosphorylated at multiple serine and threo-
nine residues which are located at the carboxy terminus of this
molecule. Phosphorylation of IRF-3 alters its protein confor-
mation, which allows its translocation into the nucleus and its
association with transcriptional partners. One of these partners
is the CREB binding protein CBP (also called p300) coactiva-
tor (19). Interaction between IRF-3 and CBP may help to
bring this coactivator to the virus-inducible enhancer element
of the (PRDI-PRDIV) in the IFN-B promoter region. It would
be curious to examine the presence of CBP coactivator in the
IL-15 virus-inducible region and to study its role in regulation
of the IL-15 transcription.

In contrast to IRF-3, IRF-7 is predominantly expressed by
lymphoid cells (3). Its mRNA expression is induced after virus
infection, and its protein is translocated into the nucleus. It has
been shown that IRF-7 protein exists in a phosphorylated state
in the nucleus after virus infection (33, 42). IRF-7 seems to
have a preferential effect on transcription of IFN-a gene pro-
moters, which are mostly expressed in cells of lymphoid origin.
It would be of interest to examine the virus inducibility of the
IL-15 gene in a variety of lymphoid cells. Although IL-15
mRNA is constitutively expressed by a variety of cells, includ-
ing T cells, it has been difficult to induce IL-15 mRNA expres-
sion in these cells. We previously reported the overexpression
of IL-15 mRNA in T cells infected with human T lymphotro-
phic virus type 1 which occurred through induction of NF-kB
proteins (4). It would be interesting to study the effect of IRF-7
in regulating the transcription of IL-15 gene by other viruses in
T cells or other cells of lymphoid origin.

Together, the data indicate that IL-15 mRNA is induced
after NDV infection in L929 cells and that this induction is
through the action of several enhancer elements in the virus-
inducible region of the IL-15 promoter, which includes IRF-E,
a spacer sequence, and NF-kB. Although each of these ele-
ments seems to be necessary for induction of IL-15 mRNA,
none of them alone is sufficient to activate IL-15 gene expres-
sion. 1.929 cells were treated with agents to induce IRF-1,
including IFN-a, IFN-B, and IFN-y (Fig. 2C). Although IRF-1
mRNA was induced, IL-15 mRNA was not expressed in any of
the conditions applied. This suggests that IRF-1 alone does not
provide a sufficient signal to drive IL-15 transcription in these
cells. This may be explained by our findings in this study that
IRF-3(5D), which mimics the phosphorylated and active form
of the IRF-3, can significantly activate IL-15 promoter. Treat-
ment of 1929 cells with IFNs does not seem to cause phos-
phorylation and activation of IRF-3 and thereby activation of
IL-15 promoter and induction of its mRNA. Furthermore, it
rules out the possibility that IL-15 induction in L.929 cells by
NDV is through induction of IFN genes. Interestingly, addition
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of LPS (an NF-«kB inducer) alone or in combination with
IFN-vy did not induce IL-15 mRNA expression either (data not
shown). These data demonstrate that NDV infection provides
a unique signal, independent from those of IFNs or LPS, which
results in IL-15 induction in 1.929 cells. However, it has been
demonstrated before that IL-15 mRNA can be induced in
freshly isolated monocytes after treatment of these cells with
LPS and IFN-y (6). This suggests that there are cell-specific
controls over induction of IL-15 mRNA. The agents which are
capable of inducing IL-15 mRNA in some cells may not be able
to induce it in another cells. The biological and physiological
significance of this preferential induction of IL-15 in various
cells by common agents requires further scrutiny.

It appears that NDV infection induces a set of transcrip-
tional signals which trigger the expression of IL-15 and IFN-
genes independently. The antiviral effects of IFNs on neigh-
boring cells have been known. However, we have not been able
to demonstrate a direct antiviral effect for IL-15 in these cells.
There are several reports suggesting a role for IL-15 as a
chemoattractant for T cells, NK cells, and macrophages/mono-
cytes (16). These cells migrate to the site of infection to elim-
inate virus-infected cells. Furthermore, it has been demon-
strated that IL-15 plays a critical role in stimulation of CD8*
memory phenotype T cells (43). Production of IL-15 by virus-
infected cells may help generate and maintain CD8" memory
cells which will build the immunity against this pathogen. Al-
together, the data suggest that IL-15 may be a player in the
antiviral defense mechanism.
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