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Interferon regulatory factor (IRF) family members, especially
interferon regulatory factor-1 (IRF-1) and interferon regulatory
factor-8 (IRF-8 or ICSBP), play important roles in interferon
signaling in a wide range of host responses to infection and
tumor growth. Interleukin-27 (IL-27), as a member of the IL-12
cytokine family, not only acts as a proinflammatory cytokine
that regulates the differentiation of naive T helper cells but also
possesses anti-inflammatory properties. IL-27 consists of EBI3
(Epstein-Barr virus-induced gene 3) and p28 subunits. Our pre-
vious work has shown that IRF-1 regulates IL-27 p28 gene tran-
scription by specifically binding to the IRF-1 response element
in the p28 promoter. In this study, we found that IRF-8-deficient
macrophages were highly defective in the production of IL-27
p28 at both mRNA and protein levels. Circulating IL-27 p28 in
serum was also decreased in IRF-8 /~ mice in a septic shock
model. Lipopolysaccharide, as a potent inducer of IL-27 p28
expression, could activate IRF-8 expression in a MyD88-depen-
dent pathway, which in turn induced p28 gene transcription
through NF-kB and/or IRF-8. Transcriptional analyses revealed
that IRF-8 activated p28 gene transcription through binding to a
site located at —57 to —48 in the p28 promoter overlapping the
IRF-1 binding site. Consistent with this observation, overex-
pression of both IRF-8 and IRF-1 additively activated IL-27 p28
promoter. This study provides further mechanistic information
regarding how signals initiated during innate and adaptive
immune responses synergize to yield greater IL-27 production
and sustained cellular immunity.

Interferons (IFNs),? including type I and type II IFNs, are
cytokines that effectively enhance host defenses against various
infections and immunosurveillance against tumors (1). IFN-v,
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the only member of the type II IFN family, is produced by a
variety of cell types, including NK cells, NK T cells, and CD4*
and CD8™ T cells, and essential for mounting cellular immune
responses against intracellular pathogens, such as Mycobacte-
ria tuberculosis and Leishmania major. IFN-vy also plays an
important role in the chronic nature of inflammatory responses
associated with atopic dermatitis, rheumatoid arthritis, and
systemic lupus erythematosus (1). IFN-vy acts on a remarkable
range of distinct cell populations, including immune and non-
immune cells. Of these, macrophages are among the most
important. IFN-vy can directly activate microbicidal functions
and promote antigen processing and presentation in macro-
phages (2). The impact of [IFN-y on macrophage phenotype and
function is achieved by a profound alteration of the macro-
phage transcriptional program in response to IFN-v. It has been
reported that exposure to IFN-+y results in changes in expres-
sion of 25% of the mouse genome in macrophages (3). Among
those genes, interferon regulatory factors (IRFs) are major
members activated by IFN-y and essential for many IFN-+y-
mediated responses.

The IRF family consists of nine transcription factors that
commonly possess a unique helix-turn-helix DNA-binding
motif at the N terminus and an activation domain in the C
terminus (4). IRF-1, the first member of the IRF family to be
identified, targets different sets of genes in various cell types in
response to diverse cellular stimuli and evokes appropriate
innate and adaptive immune responses (4). Our previous stud-
ies demonstrated that IFN-y-induced IRF-1 differentially reg-
ulates IL-12 p35 and p40 gene expression in macrophages (5).
IRF-1 has been well established as a critical effector molecule in
IFN-vy-mediated signaling and in the development and function
of NK cells, NK T cells, and cytotoxic T lymphocytes (6 -11).
IRF-1 also has direct antiproliferative effects, thus acting as a
tumor suppressor and tumor susceptibility gene (12). IRF-8,
also known as ICSBP (interferon consensus sequence-binding
protein), is restricted in its expression to myeloid and lymphoid
cell lineages (13) and seems to have broader effects on microbe-
induced cytokine production than IRF-1. IRF-8 can function
both as a transcriptional repressor and as an activator, depend-
ing on the partners that it interacts with, and plays crucial roles
in myeloid differentiation, generation of plasmacytoid den-
dritic cells (14), macrophage activation, and tumor suppression
(4, 14). Previous studies indicated that IRF-8 activates IL-12 p35
gene transcription in synergy with IRF-1 (15) and enhances
CCLS gene transcription in cooperation with PU.1, NF-«B, and
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IRF-1 (16), respectively. However, little is known about whether
IRF-8 can regulate IL-27 expression.

IL-27 is a newly discovered IL-12 family cytokine. Like all
members of the family, it is composed of two different subunits:
EBI3 (Epstein-Barr virus-induced gene 3) and p28 (17). IL-27 is
mainly produced by macrophages and dendritic cells in re-
sponse to microbial infection and plays an important role in
autoimmune disease and host defense against infection (18). In
combination with IL-2 and/or IL-12, IL-27 enhances the pro-
duction of IFN-vy by naive CD4™ T cells and NK cells (18). The
molecular basis for IL-27-mediated proinflammatory events
involves activation of STAT-1 and T-bet, which increase
expression of the IL-12 receptor 32 chain on naive CD4 ™" T cells
(17, 19, 20). These effects result in enhanced Thl responses.
Mice deficient in EBI3 or the IL-27 receptor WSX-1 displayed
increased susceptibility to L. major (21-23) due to reduced
IEN-vy-producing Th1 cells during the initial stages of parasite
infection, demonstrating a direct role for IL-27 in promoting
protective T cell responses. Furthermore, exacerbation of
experimental allergic asthma was observed in WSX-1-deficient
mice through facilitating the T helper cell differentiation into
the Th2 lineage (24). The inhibitory effects of IL-27 on Th2 cells
are mediated by inhibition of the expression of the Th2 master
transcription factor, GATA3 (25). Recent studies also indicate
that IL-27 has potent anti-tumor effects. The anti-tumor activ-
ities of IL-27 against colon carcinoma and neuroblastoma
mainly depend on CD8™ T cells, IFN-v, and T-bet (26 —29), and
the anti-B16 melanoma effect seemed to act through suppres-
sion of angiogenesis (30).

[L-27 has also been shown to have anti-inflammatory effects
in several murine disease models (18, 31). IL-27 receptor
WSX-1 knock-out mice infected with Trypanosoma cruzi
and M. tuberculosis displayed lower pathogen tissue burdens
postchallenge (32, 33). However, the WSX-1 knock-out mice in
these studies and in another study with Toxoplasma gondii
infection (34) developed increased pathologic lesions and mor-
tality. Murine models of experimental autoimmune encephalo-
myelitis and Toxoplasma infection demonstrated that elevated
Th17 cells exacerbated disease in IL-27 receptor WSX-1-defi-
cient mice (35, 36). It was further demonstrated that IL-27
inhibited the Th17 cell differentiation driven by IL-6 and trans-
forming growth factor-f in a STAT-1-dependent, IFN-y-inde-
pendent pathway (35, 36), indicating that suppression of Th17
cells by IL-27 can inhibit both autoimmunity and pathogenic
responses to infection. A recent report indicates that during
intestinal inflammation Th17 cells suppressed Th1 cell devel-
opment by inhibiting T-bet, IL-12R-B2, and osteopontin
expression (37), demonstrating a reciprocal inhibition between
Th17 and Th1 cells. The anti-inflammatory effects of IL-27 can
also be achieved through induction of IL-10 in T cells. Recent
studies demonstrate that IL-27 can activate CD4*, CD8™, and
Foxp3™ T cells to produce IL-10 (36, 38 —41), which may be
important for the immunomodulatory function of IL-27 in cer-
tain autoimmune diseases, such as experimental autoimmune
encephalomyelitis and collagen-induced arthritis.

IL-27 expression is regulated through both MyD88-depen-
dent and -independent pathways. It has been reported that in
human macrophages and dendritic cells, the adaptor protein
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Trif mediated TLR3-induced IL-27 production (42), whereas
another adaptor protein, MyD88, mediated TLR4/8-induced
IL-27 production (42, 43). TLRs, such as TLR3, TLR4, and
TLR7/8, activated by pathogen-associated molecular patterns,
could induce IL-27 production through induction of type I
interferon, which further increased the binding of IRF-1 and
IRF-3 but not IRF-8 to the p28 promoter and led to production
of IL-27 (42, 44— 45). Consistent with this notion, TLR2 agonist
Pam3Cys, which does not induce IFN-a/f, failed to induce
IL-27 gene expression. These studies suggest that type I and
type II interferon regulate IL-27 expression through different
pathways.

Given the importance of IL-27 in regulating host responses
and lack of knowledge about how this cytokine is regulated by
IRE-8, the goal of this study was to investigate the molecular
mechanisms that regulate p28 subunit gene expression in
macrophages activated by bacterial LPS and IFN-v, with a focus
on intracellular and nuclear effectors. Our study reveals that
both MyD88-dependent and -independent mechanisms of
IRF-8 expression activate IL-27 p28 gene expression in synergy
with IRF-1 at the level of transcription.

EXPERIMENTAL PROCEDURES

Mice—IRF-8"/~ mice breeders were originally obtained
from Dr. Keiko Ozato (National Institutes of Health). c-Rel ™/~
mice were originally supplied by Dr. Hsiou-Chi Liou (Weill
Medical College of Cornell University). Dr. Aihao Ding and
Dr. Erik Falck-Pedersen (Weill Medical College of Cornell Uni-
versity) provided the MyD88 /'~ mice originated from Dr.
Akira. All mice used in the experiments were female at 6—8
weeks old, housed in cages with filter tops in a laminar flow
hood, and fed food and acid water ad libitum at Saint Louis
University Animal Facilities in accordance with the principles
of Animal Care (National Institutes of Health publication num-
ber 85-23, revised 1985). For inducing endotoxic shock, mice
were injected intraperitoneally with Escherichia coli lipopo-
lysaccharide (Sigma) (200 pg/mouse). 4 h later, mice were sac-
rificed for collection of serum and for isolation of spleens.

Reagents—Antibodies for IRFs used in this study were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Recombinant mouse IFN-y was purchased from Genzyme
(Boston, MA). LPS from Escherichia coli 0217:B8 was pur-
chased from Sigma. M-CSF was purchased from R&D Systems.

Cells—The murine macrophage cell line RAW264.7 (RAW
cells) was obtained from ATCC and maintained in complete
RPMI 1640 supplemented with 2 mm glutamine, 100 units/ml
penicillin and streptomycin, and 10% fetal bovine serum
(Sigma; endotoxin NMT 10.0 enzyme units/ml). Mouse perito-
neal macrophages were obtained by lavage 3 days after injection
of sterile 3% thioglycolate broth (1 ml intraperitoneally per
mouse). Cells were washed and resuspended in complete RPMI
medium. Macrophages were plated in 24-well tissue culture
plates (1 X 10° cells/well). After a 2-h incubation to allow for
adherence of macrophages, monolayers were washed three
times to remove nonadherent cells and incubated with com-
plete RPMI medium. The next day, IFN-y (10 ng/ml) and LPS (1
png/ml) were added for different times. Mouse bone marrow-
derived macrophages (BMDMs) were generated from bone
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marrow cells obtained from mouse femurs. After lysis of red
blood cells, 3 X 10° bone marrow cells were inoculated in
60-mm Petri dishes with complete RPMI culture medium in the
presence of 10 ng/ml mouse recombinant M-CSF. M-CSF-con-
taining complete medium was replenished at day 3. After a
7-day culture, the fully differentiated and matured BMDMs
were used for experiments.

Plasmids—Murine IL-27 p28 promoter constructs were gen-
erated as described previously (43). Expression vectors IRF-8
and control LK440 were originally provided by Dr. Keiko Ozato
(National Institutes of Health). Expression vector pAct-1
(IRE-1) and control pAct-C were generously provided by Dr. T.
Taniguchi (University of Tokyo). NF-kB plasmids were origi-
nally provided by Dr. Kenneth M. Murphy (Washington Uni-
versity, St. Louis, MO). All plasmid DNA were prepared with
Qiagen Endo-free Maxi-Prep kits (Qiagen).

Retroviral Packaging and Transduction—GP2-293 packag-
ing cells (Clontech) at 60-70% confluence in 100-mm culture
plates were transfected with 5 ug of each plasmid (pVSV-G and
IRF-8 or MyD88) using FUGENE 6 (Roche Applied Science).
Two days after transfection, supernatants were collected and
centrifuged at 1,000 X g for 10 min to remove cell debris, fol-
lowed by ultraspeed centrifugation at 50,000 X g for 90 min to
pellet the virus. The pelleted viruses were resuspended over-
nightat4 °Cin 100 ul of 50 mm Tris-HCI, pH 7.8, 130 mm NaCl,
and 1 mm EDTA. Bone marrow cells were infected with retro-
virus containing supernatant at day 2 during their maturation
in the presence of M-CSF. On day 7, mature macrophages were
stimulated by IFN-vy or LPS with fresh complete medium for
5 h, followed by RNA isolation to detect mRNA expression by
RT-PCR.

Reverse Transcription-PCR—Reverse transcription (RT) re-
actions were carried out as follows. 1-ug aliquots of total RNA
were mixed with 1 ul of oligo(dT) primers (0.5 mg/ml), 1 ul of
10 mm dNTPs, and double-distilled H,O to equalize volumes of
all samples at 12 ul. The mixture was heated at 65 °C for 5 min,
quenched on ice, and spun down briefly, and 8 ul of master mix
was added. The RT master mix consisted of 4 ul of 5X first
strand buffer (Invitrogen), 2 ul of 0.1 m DTT, 1 ul of RNase
inhibitor (40 units/ul; Invitrogen), and 1 ul of Superscript II
(200 pl/pl; Invitrogen). The reaction was incubated at 42 °C for
60 min and then at 70 °C for 15 min, followed by a 4 °C soak. To
each sample (in a 20-ul total volume) 80 ul of double-distilled
H,O was added. 5 pl of diluted cDNA was used for each PCR of
25-ul volume. The following primers were used: for PCR ampli-
fication of the mouse p28 cDNA, CTCTGCTTCCTCGCTAC-
CAC (sense) and GGGGCAGCTTCTTTTCTTCT (antisense);
for mouse IRF-8 ¢DNA, sense (TGACACCAACCAGTTC-
ATCCGAGA) and antisense (CACCAGAATGAGTTTGG-
AGCGCAA); for mouse IRF-1 ¢cDNA, sense (ACAGGCCG-
ATACAAAGCAGGAGAA) and ACGGTGACAGTGCTG-
GAGTTATGT (antisense); and for mouse GAPDH cDNA,
AACTTTGGCATTGTGGAAGG (sense) and ACACATT-
GGGGGTAGGAACA (antisense).

Quantitative Real-time PCR—To determine the levels of
mRNA expression by quantitative real-time PCR (qRT-PCR),
we used a modified protocol. Briefly, cDNA samples converted
from 1 pg of total RNA were diluted and studied at several
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concentrations. Diluted cDNA was mixed with a pair of primers
(10 um) targeting mouse p28, IRF-8, IRF-1, or GAPDH ¢cDNA
sequences as described above and with SYBR Green PCR mas-
ter mix (Applied Biosystem, CA) in a 15-pl volume. PCR
cycling was as follows: 2 min at 50 °C, 10 min at 95 °C for 1 cycle,
followed by 40 cycles at 15 s at 95 °C, 1 min at 60 °C.

Enzyme-linked Immunosorbent Assays (ELISAs)—Superna-
tants from murine peritoneal macrophage cultures were har-
vested at 24 h after IFN-vy and LPS stimulation and stored at
—70°C. Mouse IL-27 p28 was detected using Quantikine
ELISA kits (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions. Concentrations were calculated
by regression analysis of a standard curve.

Transfection Assay—Transient transfections were per-
formed by electroporation. Briefly, for each condition, 0.4 ml of
a RAW cell suspension containing 1 X 107 cells was mixed with
16 ug of total DNA (including reporter, effector, internal con-
trol, and carrier DNA) and electroporated in 0.45-cm electro-
poration cuvettes (Gene Pulser II, Bio-Rad) at 975 microfarads
and 300 V in RPMI 1640 medium without serum. The trans-
fected cells from different cuvettes were resuspended in RPMI
1640 containing 10% fetal bovine serum, 2 mm glutamine, 10
uM chloroquine, and antibiotics and were added to 24-well
plates and incubated for 48 h prior to harvesting. To measure
luciferase activity, cells were pelleted by centrifugation and
resuspended in 100 ul of lysis buffer containing 125 mm Tris-
phosphate, pH 7.8, 10 mm DTT, 10 mm 1,2-diaminocyclohex-
ane-tetraacetic acid, 50% glycerol, 5% Triton X-100. Luciferase
activity was measured in cell lysates. Transfection efficiency
was routinely monitored by a 3-galactosidase assay by co-trans-
fection with 3 ug of pPCMV-B-galactosidase plasmid. Variability
in B-galactosidase activity between samples was typically
within 5%. Lysates were used for both luciferase and -ga-
lactosidase assays.

Nuclear Extract Preparation—Nuclear extracts for EMSA
were prepared according to the methods of Schreiber et al. (46).
Briefly, 1 X 10” RAW cells were washed and resuspended in 400
wl of buffer containing 10 mm HEPES, pH 7.9, 10 mm KCI, 0.1
mM EDTA, 1 mm DTT, 0.5 mm phenylmethylsulfonyl fluoride
for 15 min on ice. Cells were lysed in 0.6% Nonidet P-40 with
inversion for 10 s. The homogenate was centrifuged for 5 min,
and the nuclear pellet was resuspended in ice-cold buffer con-
taining 20 mm HEPES, pH 7.9, 0.4 M NaCl, 1 mm EDTA, 1 mm
DTT, 1 mm phenylmethylsulfonyl fluoride at 4 °C for 30 min
with rotating. Following centrifugation for 10 min, the super-
natant was either used immediately or frozen at —70 °C.

Light Shift Chemiluminescent EMSA—Light shift chemilu-
minescent EMSA was performed according to the manufactur-
er’s protocol (Pierce). Briefly, single-stranded wild type and
mutant oligonucleotides were labeled with biotin using a biotin
3'-end DNA labeling kit (Pierce). Equal amounts of labeled and
complementary oligonucleotides were annealed to prepare
double-stranded wild type and mutant probes by heating at
90 °C for 2 min, followed by slowly cooling to room tempera-
ture for 30 min. The labeled double-stranded probes were
mixed with 10 ug of crude nuclear extracts and incubated at
room temperature for 20-30 min in the presence of 1 ug of
poly(dI-dC). The mixture was then fractionated through a 5%
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native polyacrylamide gel in 0.5X TBE buffer for about 1 h at
100 V. The gel was transferred to positively charged nylon
membrane at 4 °C for 1 h at 100 V. When transfer was com-
pleted, the membrane was cross-linked at 120 mJ/cm?® using
a commercial UV-light cross-linker instrument equipped
with 254-nm bulbs. Then the membrane was blocked and
applied with streptavidin-horseradish peroxidase conjugate
(1:300 dilution) for 15 min, followed by thorough washing,
and exposed to x-ray film after incubation with the chemilu-
minescence reagents. The x-ray film was developed accord-
ing to the manufacturer’s instruction.

DNA Affinity Binding Assay—Complementary biotinylated
oligonucleotides encompassing the IRF-1 site in the mouse p28
promoter were synthesized and annealed. Two micrograms of
biotinylated dsDNA were conjugated to 100 ul of streptavidin-
bound magnetic beads (Dynabeads, M280, Dynal (Lake Suc-
cess, NY)) in binding/washing buffer (10 mm Tris-HCI, pH 8.0,
1 mm EDTA, 0.1 m NaCl) for 30 min at room temperature.
DNA-conjugated beads were then blocked by 0.5% bovine
serum albumin in TGEDN buffer (120 mm Tris-HCI, pH 8.0, 1
mM EDTA, 0.1 MmNaCl, 1 mm DTT, 0.1% Triton X-100, and 10%
glycerol) at room temperature for 1 h. Beads were washed once
in TGEDN buffer and resuspended in 50 ul of TGEDN. Ten
microliters of beads conjugated to 2 ug of DNA were equili-
brated with TGEDN buffer and incubated with 500 ug of RAW
cell nuclear extracts and 20 ug of Herring sperm DNA (Sigma)
at4 °C for 2 h. Beads were washed in TGEDN buffer, and bound
materials were eluted in 20 ul of the same buffer supplemented
with 0.5% SDS and 1 M NaCl. Eluted materials were separated
by 12% SDS-PAGE and detected by immunoblot analysis using
rabbit anti-IRF-1 or anti-IRF-8 Ab with the enhanced chemilu-
minescence kit (PerkinElmer Life Sciences).

Western Blotting—SDS-PAGE was performed with 40-100
pg of nuclear extracts. Gels were transferred to PVDF mem-
branes and blocked in 5% nonfat milk in Tris buffer, pH 8.0.
Primary antibody was added at the concentration of 1 ug/ml in
Tris buffer containing 5% milk powder and left overnight at
4. °C. After extensive washing, secondary antibody conjugated
to horseradish peroxidase was added at a 1:5000 dilution in
5% milk. After extensive washing, blots were subjected to
enhanced chemiluminescence detection (PerkinElmer Life
Sciences).

Chromatin Immunoprecipitation (ChIP) Assay—The ChIP
procedure was performed using an assay kit following the man-
ufacturer’s instructions (Upstate Biotechnology, Inc., Lake
Placid, NY). Briefly, 1 X 107 peritoneal macrophages from wild
type C57BL/6 mice were stimulated with I[FN-y (10 ng/ml) or
LPS (1 pg/ml) for 2 h and then cross-linked by 1% formaldehyde
for 10 min at 37 °C. Nuclei were prepared and subjected to
sonication to obtain DNA fragments ranging from 200 to 1000
bp. Chromatin fractions were precleared with protein A-aga-
rose beads, followed by immunoprecipitation overnight at 4 °C
with 3 ug of anti-IRF-8, anti-IRF-1 or control antibody. Cross-
linking was reversed for 4 h at 65 °C, followed by proteinase K
digestion. DNA was purified and subjected to qRT-PCR. The
input DNA was diluted 200 times prior to PCR amplification.
The input and immunoprecipitated DNA were amplified by
PCR using primers encompassing the IRF response element
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(RE) in the mouse p28 promoter (5’ primer, CCCTCTGGG-
AAGGGAAATTACGTT; 3’ primer, CCTGTCAAACT-
TTCCCAACC).

siRNA—IRF-8 siRNA expression plasmids were generated by
cloning the siRNA corresponding to the coding sequence of the
mouse IRF-8 gene (IRF-8 siRNA 1, gatccccACCACCACCT-
GCCTTGAAGttcaagagaCTTCAAGGCAGGTGGTGGTttt-
tta; IRF-8 siRNA 2, gatccccACTCATTCTGGTGCAGGTAttc-
aagagaTACCTGCACCAGAATGAGTttttta) into an siRNA
expression vector pSUPER.neo (OligoEngine, Seattle, WA)
according to the manufacturer’s instructions. A scramble
sequence (gatccccTGTAGATGGGTACGCGCT Cttcaagaga-
GAGCGCGTACCCATCTACALtttta) that targets no known
mRNA sequences was cloned into the same vector and used as
negative control. Briefly, equimolar amounts of complemen-
tary sense and antisense strands were separately mixed,
annealed, and slowly cooled to 10 °C in a 50-ul reaction buffer
(100 mm NaCl and 50 mm HEPES, pH 7.4). The annealed oligo-
nucleotides were inserted into the BgllI/HindIII sites of
pSUPER .neo vector. IRF-8 siRNA plasmids and scramble control
were transfected into RAW cells by Lipofectamine (Invitrogen).
48 h later, the transfected cells were stimulated with IFN-vy for
additional 4 h, followed by collection of nuclear extract for
Western blot and EMSA.

Statistical Analysis—Student’s t test was performed wher-
ever applicable. S.D. of the mean is shown unless otherwise
indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

RESULTS

IL-27 p28 Expression Is Defective in IRF-8-deficient Macro-
phages—Our previous study demonstrated that IFN-y-induced
IL-27 p28 gene expression requires IRF-1 (43). Because IFN-y
also activates IRF-8 expression, we wanted to know if IRF-8
plays a role in IFN-y-induced p28 gene expression. Mouse peri-
toneal macrophages elicited from wild type (WT) or IRF-8 '~
mice were stimulated with IFN-+y, LPS, or IFN-+y plus LPS for
24 h, followed by collection of culture supernatants for mea-
surement of IL-27 p28 protein secretion by ELISA. Meanwhile,
cells treated with these stimuli for 4 h were used for RNA iso-
lation and p28 mRNA detection by quantitative real-time PCR.
The results showed that both p28 protein secretion (Fig. 14)
and mRNA expression (Fig. 1B) were almost completely abro-
gated in IRF-8 "/~ macrophages compared with the WT cells in
response to IFN-vy or LPS. To determine if the other subunit of
IL-27, EBI3 is also regulated by IRF-8, we measured EBI3
mRNA expression from the same cDNA used for the p28 detec-
tion. Consistent with our previous finding that the p28 subunit
is the limiting factor for making biological IL-27, EBI3 mRNA
was only slightly induced by LPS or IFN-vy plus LPS in WT cells.
In contrast to p28, the EBI3 mRNA expression was even
increased in IRF-8 '~ cells (Fig. 1C), suggesting that IRF-8 spe-
cifically controls p28 gene expression. Our data further confirm
that IRF-8 was induced by IFN-vy and LPS signals, and combi-
nation of these two signals further enhanced its expression in
WT but not IRF-8 '~ macrophages (Fig. 1D). Interestingly,
combination of these two stimuli still induced a considerable
amount of p28 protein production (Fig. 14) and p28 mRNA
expression (Fig. 1B) in IRF-87 /" cells, suggesting that other
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FIGURE 1. Role of IRF-8 in IL-27 p28 gene expression. A, 1 X 10° mouse peritoneal macrophages isolated
from WT and IRF-8~/~ mice were inoculated into each well of 24-well plates with 1 ml of RPMI 1640 complete
medium. The cells were stimulated with IFN-y (10 ng/ml), LPS (1 wg/ml), or IFN-vy plus LPS for 24 h, followed by
collection of supernatant for measurement of IL-27 p28 protein secretion by ELISA. Results shown are mean
plus S.D. (error bars) from three experiments. 3 X 10° peritoneal macrophages of WT and IRF-8 '~ mice were
stimulated with IFN-v, LPS, and IFN-+y plus LPS for 4 h, followed by extraction of total RNA for detection of p28
mRNA expression (B), for measurement of EBI3 mRNA expression (C), and for evaluation of IRF-8 mRNA expres-
sion (D) by qRT-PCR. qRT-PCR data were normalized relative to GAPDH mRNA expression levels in each respec-
tive sample and further normalized to the results from the untreated group (medium; Med), which was setas 1.
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amounts of IRF-8 expression vector
into RAW cells by electroporation,
followed by measurement of lucifer-
ase activity in cell lysates. As shown
in Fig. 3A, IRF-8 activated the
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FIGURE 2. Reconstitution of IRF-8 in IRF-8-deficient BMDMs. 1 X 10° bone marrow cells isolated from femurs
of IRF-87/~ mice were inoculated into each well of 24-well plates with 1 ml of RPMI 1640 complete medium
with 10 ng/ml M-CSF and 10% fetal bovine serum. At day 2 and day 4, the cells were infected with retroviruses
encoding IRF-8 or green fluorescent protein for two rounds. The transduced BMDMs and BMDMs differentiated
from WT mice were treated with LPS or IFN-y plus LPS for 4 h. Then total RNA was extracted from the activated
BMDMs, and 1 g of RNA was used for reverse transcription, followed by measurement of mouse IL-27 p28 (A)
and IRF-8 (B) mRNA expression by gRT-PCR. Data are representative of two experiments with similar results. UD,

undetectable. Error bars, S.D.

factors induced by IFN-y and LPS may partially compensate for
the impaired p28 expression in IRF-8-deficient macrophages.
Reconstitution of IRF-8 in IRF-8 '~ Macrophages Rescues
IL-27 p28 Expression—Because studies in knock-out mice can
be complicated by developmental effects associated with the
deleted gene, next we determined to exclude the possibility that
other genes affected by IRF-8 deletion might contribute to the
defect of p28 expression in IRF-8-deficient cells. We reconsti-
tuted IRF-8 in IRF-8-deficient BMDMs by retroviral transduc-
tion and then tested if the defect in p28 expression could be
rescued. As shown in Fig. 24, IRF-8~/~ BMDM had greatly
diminished responses to LPS, which, after reconstitution, were
strongly enhanced compared with control retrovirus-trans-
duced cells, indicating a direct effect of IRF-8 on p28 gene
expression. The p28 mRNA expression was further enhanced in
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Retrovirus

response to IFN-y and LPS treat-
ments compared with cells co-trans-
fected with the empty vector, LK440
(Fig. 3B), further demonstrating that
IRF-8 activates p28 gene transcrip-
tion under both basal and inducible
conditions.

MyD88 and NF-«kB Mediate LPS-
induced IRF-8 and IL-27 p28 Gene
Expression—Because LPS-induced p28 gene expression
depended on IRF-8 (Fig. 1A) and IL-27 p28 production is regu-
lated through both MyD88-dependent and -independent path-
ways (42, 43), we decided to look at the role of MyD88 in LPS-
induced IRF-8 expression. The results showed that IRF-8
expression induced by LPS was significantly reduced in
MyD88 /" macrophages compared with WT control cells (Fig.
4A), and reconstitution of MyD88 by lentivirus completely res-
cued the IRF-8 gene expression in MyD88™ '~ cells to a level
similar to WT control cells (Fig. 48), indicating a critical role of
MyD88 in signaling LPS-induced IRF-8 expression. Because
NE-«B plays critical roles in LPS-induced production of many
proinflammatory cytokines and c-Rel has been shown by us and
others to be important for IL-12 and IL-27 production (5, 43),
we next wanted to know if c-Rel was also involved in LPS-in-
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FIGURE 4. MyD88 and NF-«B mediate IRF-8-induced p28 gene transcription. Total RNA was extracted from WT and MyD88 '~ peritoneal macrophages (A),
MyD88/~ BMDM s infected with lentivirus encoding MyD88 or green fluorescent protein (B), and peritoneal macrophages of WT and c-Rel ™/~ mice (C). All
macrophages were stimulated with IFN-v, LPS, or IFN-y plus LPS for 4 h, followed by measurement of IRF-8 mRNA expression by qRT-PCR. Data are from one
of two experiments with similar results. RAW cells were transiently transfected with the p28 promoter (—3076/+129) and IkB-a mutant as well as IRF-8
expression vectors or their control vectors at a 1:1 molar ratio. Transfected cells were left either untreated (D) or treated with LPS (E) for 7 h, followed by
measurement of luciferase activity in cell lysates. RAW cells were transiently tranfected with WT and four putative NF-«B mutant p28 promoter constructs.
Transfected cells were left either untreated (F) or treated with LPS (G) for 7 h. Luciferase activity was normalized to the activity of cells transfected with the
control vector (LK440) as -fold induction. RAW cells were transiently transfected with the p28 promoter together with an expression vector for NF-«B p50, p65,
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was set as 1. All results shown in D-/ are mean plus S.D. (error bars) from three or four independent experiments.
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FIGURE 5. IRF-8 synergistically interacting with IRF-1 activates the p28 promoter through the IRF-1 binding site. A, 5 1.g of WT p28 promoter-luciferase reporter
construct (—739) or a series of 5'-end deletion constructs, as indicated, was transiently transfected into RAW cells by electroporation, together with 0.75 g of IRF-8 or
control vector LK440. 40 h later, luciferase activity was measured in cell lysates and expressed as relative activity (the activity of IRF-8-cotransfected reporter over that
of control empty vector-cotransfected reporter, which was set as 1). B, RAW cells were transiently transfected with 5 g of p28 promoter-luciferase WT (—739) or IRF-1
RE mutant promoter constructs with or without 0.75 ug of IRF-8 expression vector or its control vector (LK440). C, 5 ug of WT and IRF-1 RE mutant p28 promoter-
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of IRF-1 (from 0.75 to 3 pg), and their respective control vectors into RAW cells as indicated, or vice versa (F). 40 h later, luciferase activity was measured in cell lysates.

All results shown are mean plus S.D. (error bars) of 3-6 independent experiments.

and E). There are four putative NF-«B binding sites in the p28
promoter, which are located at —3051/—3042 (NF-«B 1),
—1230/—1221 (NF-«kB 2), —1189/—1178 (NF-«B 3), and
—1146/—1137 (NF-kB 4) in the p28 promoter. We mutated
each of these and designated them as mutl, mut2, mut3, and
mut4, respectively (43). To further explore the molecular basis
of NF-kB-mediated p28 gene transcription in response to IRF-8
stimulation, we cotransfected IRF-8 expression plasmid with
these four NF-«B mutant p28 promoters into RAW cells and
treated these cells with or without LPS (Fig. 4, Fand G). Fig. 4, F
and G, respectively, presents -fold inductions of p28 promoter
activity in IRF-8-transfected versus LK440-transfected cells in
unstimulated and LPS-stimulated conditions, with the LK440-
transfected cell responses set arbitrarily as 1. In fact, the raw
luciferase activities were increased about 2-fold by LPS com-
pared with untreated cells transfected with the control vector
LK440. In cells transfected with IRF-8, the raw luciferase activ-
ities were further enhanced about 2.5-fold compared with
LK440-transfected cells (data not shown). As shown in Fig. 4G,
the luciferase activity was almost completely abolished in
NK-«B mutl-transfected cells treated with LPS in the presence
of overexpressed IRF-8, suggesting that this NF-«B site located
between —3051 and —3042 in the p28 promoter is critical for
LPS/IRF-8-mediated p28 gene transcription. To further deter-
mine which component of the NF-«B family mediated IRF-8-
activated p28 gene transcription, we co-expressed NF-«B p65,
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p50, and c-Rel expression vectors with the p28 promoter and
IRF-8 and stimulated the transfected cells with or without LPS.
The data indicated that NF-«B p50 did not increase IRF-8- and
LPS-induced p28 promoter activity, whereas c-Rel and p65 sig-
nificantly enhanced p28 promoter activity in IRF-8-overex-
pressing cells stimulated with LPS (Fig. 4J).

IRF-8 Activates the p28 Promoter in Synergy with IRF-1
through the IRF-1 Response Element—To elucidate the molec-
ular basis of IRF-8-mediated transcriptional induction of p28,
we decided to localize the functional IFN-y/IRF-8 response ele-
ment in the p28 promoter. Several 5’ deletion constructs of the
p28 promoter were transiently co-transfected with the IRF-8
expression vector or empty control vector into RAW cells, fol-
lowed by measurement of luciferase activity in cell lysates. As
shown in Fig. 54, the responses to IRF-8 were similar among all
5' deletion constructs except the minimal construct —40,
which completely lost responsiveness to IRF-8, indicating that a
major IRF-8 RE in the p28 promoter was probably located
between —140 and —40. Because our previous study identified
an IRF-1 RE localized to this region at —57/—48, we reasoned
that IRF-8 may activate the p28 promoter through this IRF-1
binding site. Then we transiently co-transfected the wild type
and IRF RE mutant p28 promoter constructs with the IRF-8
expression or empty vectors into RAW cells, followed by mea-
surement of luciferase activities. As shown in Fig. 5B, the
response of the mutant promoter to overexpressed IRF-8 was
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completely abolished compared with the response detected
with the wild type promoter. This was true in transfected cells
stimulated with IFN-v as well (Fig. 5C). These results indicate
that this IRF-1 RE is critical for responsiveness of the p28 pro-
moter to both IRF-8 and IRF-1.

Considering the above findings that IRF-1 and IRF-8 both
activated the p28 promoter through the same site, we were
interested to know if IRF-1 and IRF-8 could activate the p28
promoter synergistically. The IRF-1 and IRF-8 expression vec-
tors or their empty control vectors PACT-c and LK440 were
transiently co-transfected with the WT and IRF RE mutant p28
promoter constructs into RAW cells for luciferase measure-
ment. As shown in Fig. 5D, IRF-1 and IRF-8 each individually
activated the WT p28 promoter, with the former causing
~3-fold induction and the latter causing ~2-fold induction,
indicating a stronger effect of IRF-1 than IRF-8 on p28 pro-
moter activation. Moreover, co-transfection of both plasmids
additively activated the p28 gene transcription associated with
the WT promoter but not the IRF RE mutant promoter con-
struct, demonstrating that IRF-8 and IRF-1 indeed work
together to activate the p28 promoter through the same IRF RE
(Fig. 5D). To further understand the additive effects between
IRF-1 and IRF-8 on p28 gene transcription, we transfected the
RAW cells with either a fixed amount of IRF-8 plus various
amounts of IRF-1 or vice versa. The results confirm that IRF-1
and IRF-8 indeed additively activated the p28 promoter (Fig. 5,
Eand F).

IRF-8 Binds to the p28 Promoter Both in Vitro and in Vivo—
To further explore the molecular mechanisms of whether IRF-
8-mediated p28 gene transcription is a direct or indirect event,
we performed EMSA using nuclear extracts isolated from RAW
cells stimulated with IFN-y or LPS using a sequence of the p28
promoter harboring either WT or mutant IRF RE as probes. As
shown in Fig. 64, there was one major nuclear DNA-binding
complex formed with the wild type probe. More importantly,
the intensity of this complex was significantly increased upon
IEN-+v but not LPS treatment. The latter is because this region
in the p28 promoter only contains an IFN-vy but not LPS RE.
This binding activity was completely abolished with the IRF RE
mutant probe, indicating the binding specificity. The competi-
tion EMSA further confirmed the sequence specificity of the
binding to the p28 promoter, because the binding was com-
pletely competed by WT cold probe but not the mutant cold
probe (Fig. 6B). To further determine if IRF-8 was a part of the
DNA-nuclear protein binding complex, we performed a
“supershift” experiment with several IRF antibodies. As shown
in Fig. 6C, this DNA-nuclear protein complex indeed contained
IRF-8 because an anti-IRF-8 antibody (as indicated by the
arrow) but not IRF-3- and IRF-7-specific antibodies was able to
retard its mobility. Consistent with our previous study (43),
IRF-1 was apparently a major component in the complex
because anti-IRF-1 antibody caused a markedly supershifted
band (Fig. 6C). Because IRF-8 was shown to bind weakly to the
p28 promoter in the supershift assay (Fig. 6C), we performed an
alternative DNA affinity binding assay to further confirm the
IRE-8 binding. The binding nuclear proteins were pulled down
by immunoprecipitation with biotin-labeled probe containing
the IRF RE, followed by detection of the binding proteins by
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Western blot. As shown in Fig. 6D, antibodies against both
IRF-1 and IRF-8 detected an IFN-vy-responsive band, with
stronger binding intensity displayed with anti-IRF-8 than anti-
IRF-1 antibody. We do not yet know the reason for these differ-
ent binding patterns between conventional EMSA and DNA
affinity binding assay. Nevertheless, both experiments (Fig. 6, C
and D) demonstrate that both IRF-8 and IRF-1 bind to the p28
promoter in vitro.

Our data indicate that the binding activity following IFN-y
stimulation was predominantly composed of IRF-1. Thus, it is
important to know if IRF-1 binds to the same site in the p28
promoter in IRF-8-deficient cells. We designed two IRF-8
siRNAs, cloned them into a pSUPPER vector, and validated
their silencing efficiency by testing IRF-8 protein expression.
The Western blot data (Fig. 6E) indicated that one of the IRF-8
siRNAs (siRNA 1) significantly silenced IRF-8 protein expres-
sion (lane 4), but the other IRF-8 siRNA (siRNA 2) showed little
effect (lane 6). Co-transfection of cells with both IRF-8 siRNA 1
and 2 resulted in the most silencing effect on IRF-8 production
(lane 7). Therefore, the nuclear extract isolated from these
IRF-8 siRNA 1/2 co-transfected cells was used to test the IRF-1
binding. As shown in Fig. 6F, the binding activity was increased
by IFN-vy treatment, and the binding intensity was similar
among cells transfected with scramble (lane 3), IRF-8 siRNA 1
(lane 5), and IRF-8 siRNA 2 (lane 7). However, the binding
intensity was reduced in cells transfected with both siRNA 1
and 2 (lane 8), which also showed the least IRF-8 expression,
suggesting that IRF-8 partially regulates the IRF-1 binding to
the p28 promoter. A complete supershift of the band by an
anti-IRF-1 antibody in the same assay further confirmed the
IRF-1 binding (lane 10).

For more biological relevance, we next tested if this binding
activity between IRF-8 and the p28 promoter also existed in vivo. A
ChIP assay was performed in mouse peritoneal macrophages. The
region of the p28 promoter containing the IRF RE that was exam-
ined in the ChIP assay is illustrated in supplemental Fig. 3. Fig. 6G
demonstrated that both IFN-y and LPS could induce strong IRF-8
binding to this region of the p28 promoter, with the strongest
binding in cells stimulated with LPS plus IFN-+y. The binding was
detected specifically with the anti-IRF-8 antibody but not with the
control IgG. For comparison, we also used an anti-IRF-1 antibody
to pull-down the binding DNA. Consistent with our previous
report (43), IRF-1 bound to the p28 promoter in cells treated by
IFN-vy and LPS with enhanced binding upon LPS and IFN-y co-
stimulation (Fig. 6G).

IL-27 p28 Production Is Decreased in IRF-8'~ Mice Chal-
lenged with LPS—To further confirm the inductive role of
IRF-8 in IL-27 p28 production in vivo, we employed an endo-
toxic shock model by injecting LPS intraperitoneally as previ-
ously described (47). As shown in Fig. 7A, LPS induced signifi-
cant amounts of IL-27 p28 in the serum of WT mice, whereas
the levels of p28 were decreased about 65% in IRF-8 '~ mice.
Consistent with the reduced protein expression, the p28 mRNA
expression was also decreased ~70% in the spleens of IRF-8 '~
mice compared with WT mice (Fig. 7B), suggesting a critical
role for IRF-8 in IL-27 p28 production during host defense
against microbial infection. In addition, our data showed that
IRF-8 mRNA expression was induced by LPS in WT but not in
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FIGURE 6. IRF-8 binds to the p28 promoter in vitro and in vivo. A, nuclear extracts were isolated from RAW cells stimulated with IFN-y or LPS for 4 h. Light shift
chemiluminescent EMSA was performed with 10 ng of nuclear extract for each sample and a double-stranded biotin-labeled oligonucleotide probe containing
the IRF RE from the p28 promoter (sequence given with the critical IRF RE underlined) or the IRF RE mutated sequence. B, competitive EMSA was performed with
biotin-labeled WT —70/—34 “hot” probe and various unlabeled “cold” competitors as indicated (molar ratio of cold to hot probes was 50:1) from IFN-vy-
stimulated macrophages. C, supershift EMSA was performed with the WT probe and nuclear extracts from IFN-y-stimulated macrophages. 2 ug of a series of
IRF antibodies and isotype-matched control rabbit IgG were used. The IRF-8-related complex is indicated by an arrow. D, 10 X 10° RAW cells were stimulated
with IFN-y for 4 h, followed by isolation of nuclear extract for the DNA affinity binding assay. 500 g of nuclear extract per condition was used for the assay. The
bound proteins were analyzed by Western blot using both anti-IRF-1 and anti-IRF-8 antibodies. Data shown are one of two experiments with similar results. £, 8
g of scramble siRNA and IRF-8 siRNA 1 and 2 plasmids were transfected into RAW cells by Lipofectamine. 48 h later, the transfected cells were stimulated with
orwithout IFN-yfor 4 h, followed by nuclear extraction. 100 g of nuclear extract per condition was used for Western blot with an anti-IRF-8 antibody (top). The
IRF-8 is indicated by an arrow. The blot was stripped and reanalyzed with an anti-PU.1 antibody (bottom). F, 10 ng of nuclear extract per condition was used for
EMSA as described previously, and 2 ug of anti-IRF-1 antibody and its control IgG were used to perform the supershift assay. G, 10 X 10° WT mouse peritoneal
macrophages were treated with IFN-y (10 ng/ml), LPS (1 wg/ml), and IFN-vy plus LPS for 2 h, followed by ChIP analysis performed according to the manufac-
turer’s protocol. 3 pg of anti-IRF-8 antibody, anti-IRF-1 antibody, and control IgG were used in the intraperitoneal step. The control antibody was an isotype-
matched IgG. Data were normalized relative to input in each respective sample and further normalized to the sample from the untreated group, which was set
as 1. FP, free probe; Mut probe, mutant probe; UD, undetectable. Error bars, S.D.

IRF-8/" mice in this endotoxic shock model (Fig. 7C), further
supporting the inductive role of IRF-8 in IL-27 p28 gene expres-
sion in vivo.

DISCUSSION

Since IL-12 was first discovered by Dr. George Trinchieri in
1989 (48), several other IL-12 related cytokines have been iden-
tified in recent years, including IL-23 (49), IL-27 (17), and IL-35
(50). Like IL-12, all IL-12 family members are heterodimeric
cytokines consisting of two different subunits. Among those,
IL-27 has been shown to have unique roles in controlling adapt-
ive immune responses. It induces Thl cell differentiation,
inhibits Th2 and Th17 cell development, and possesses both
pro- and anti-inflammatory properties (51), which make it an
important immunomodulator for induction of host responses
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against invasive pathogens and for prevention of host tissue
damage from excessive immune action (18).

In this study, we found that IRF-8 plays an essential role in
IL.-27 p28 production in that p28 mRNA expression and pro-
tein production were completely abolished in IRF-8-deficient
macrophages in response to IFN-vy stimulation (Fig. 1, A and B).
In contrast with IRF-1 deficiency that resulted in only moderate
reduction of p28 expression in response to LPS (43), p28 mRNA
expression and protein production were significantly impaired
in IRF-8-deficient cells (Fig. 1, A and B), suggesting broader
effects of IRF-8 than IRF-1 on IL-27 regulation. Consistent with
our previous report that the p28 subunit controls biological
IL-27 production (43), EBI3 was only slightly induced upon
IFN-+y and LPS stimulation, and its expression did not require
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T—E' * reconstituted cells to levels similar
0 -_ to those of wild type cells (Fig. 2B).
WT ' IRF-8-- The reason why IRF-8 in the retro-

FIGURE 7.IL-27 p28 production is reduced in IRF-8 '~ mice during endotoxic shock. Four female IRF-8 ~/~ mice
and their littermates (aged 6-8 weeks) were injected with LPS (200 ug/mouse) intraperitoneally. 4 h after LPS
injection, mice were sacrificed and serums were collected for measurement of IL-27 p28 protein production by ELISA
(A). Meanwhile, spleens were used to extract total RNA for measurement of IL-27 p28 (B) and IRF-8 (C) mRNA
expression by qRT-PCR. Data were normalized relative to GAPDH mRNA expression levels in each respective sample
and further normalized to the sample from the untreated group, which was set as 1. Mice injected with PBS served
as controls. *, p < 0.05 between groups of WT and IRF-8 /~ mice after LPS treatment. Error bars, S.D.

IRF-8 (Fig. 1C). It is worth noting that the levels of p28 expres-
sion did not correlate with the levels of IRF-8 expression
induced by IFN-vy and LPS in that higher induction of IRF-8
induced by IFN-vy did not lead to higher p28 expression (Fig.
1D). This phenomenon suggests that LPS-triggered pathways,
such as NF-«B, in cooperation with LPS-induced IRF signals,
such as IRF-8, induce much more robust IL-27 p28 production
than only IFN-+y/IRF signals, which further indicates the impor-
tance of NF-«B in p28 gene expression. Interestingly, combina-
tion of IFN-vy and LPS treatments could partially rescue the
defect in p28 production in IRF-8-deficient cells (Fig. 14), sug-
gesting that other molecules induced by co-stimulation with
these two stimuli can partially compensate for the deficiency of
IRE-8. It is possible that other IRF members, such as IRF-1, may
be involved in compensating for the IRF-8 deficiency. To
address this possibility, we measured the IRF-1 mRNA expres-
sion in IRF-8 /" cells. The data indicated that IRF-1 could still
be induced by LPS or IFN-vy plus LPS in IRF-8 /" cells but to
reduced levels compared with WT cells (supplemental Fig. 1A4).
Silence of IRF-8 by siRNA in macrophages only slightly affected
the IRF-1 binding to the p28 promoter (Fig. 6F). In addition, the
ChIP assay demonstrated that both IRF-1 and IRF-8 bound to
the p28 promoter (Fig. 6G). Collectively, these data suggest that
the IRF-1 induced by LPS or LPS plus IFN-vy in IRF-8 /"~ cells
might be responsible for the partially rescued p28 gene expres-
sion in IRF-8-deficient cells.

Previous studies reported that reconstitution of IRF-1 in IRF-
17/~ BMDMs could not rescue the impaired p28 expression
(43), suggesting that other developmental factors affected by
IRF-1 deletion might be required for p28 expression. To eluci-
date if IRF-8 is the factor responsible for p28 expression, we
reconstituted IRF-8 by retroviral transduction in IRF-8-defi-
cient BMDMs. Our data demonstrate that reconstitution of
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viral vector needs to be induced to
reach its maximal expression is cur-
rently unknown, but the same phe-
nomenon with this vector was also
reported by other laboratories (52).
It is possible that the IRF-8 deliv-
ered by retrovirus randomly inte-
grated into a genome harboring a transactivator that responded
to LPS stimulation. This is not suppressing, because in the
reconstitution experiment, we used macrophages that are
highly responsive to LPS. Another possibility might be that the
5'-long terminal repeat of murine stem cell virus in the vector
responded to factors induced by LPS in macrophages that indi-
rectly activate the IRF-8 expression. It will be interesting to
determine the exact reasons of the inducibility of inserted genes
in this vector in future study.

Consistent with the impression that IL-27 p28 gene expres-
sion is regulated at the level of transcription, forced expression
of IRF-8 dose-dependently activated the p28 promoter (Fig.
3A). Furthermore, the responses of the p28 promoter to IFN-vy
and IFNy plus LPS stimulation were significantly increased in
IRF-8-transfected RAW cells (Fig. 3B). Taken together, it seems
that both IRF-1 and IRF-8 regulate the p28 gene expression at
the level of transcription.

So far, most studies have focused on IRF-8 targeting genes,
and relatively little has been reported on how IRF-8 is regulated.
The broader effects of IRF-8 than IRF-1 on IL-27 p28 gene
expression made us wonder if the LPS signaling pathway also
mediated IRF-8 expression. Our data showed that LPS acti-
vated IRF-8 gene expression through adaptor protein MyD88,
which has never been reported before (Fig. 4, A and B). MyD88-
mediated IRF-8 expression may act through interaction with
the IFN-receptor 1 chain that triggers IFN-vy signaling leading
to IRF-8 expression (53). NF-«B c-Rel partially mediated LPS-
induced IRF-8 expression (Fig. 4C), suggesting that other mem-
bers of the NF-«B family, such as p65, may also contribute to
LPS-induced IRF-8 expression. It has been reported that IRF-8
could induce NF-kB activation in that NF-«B activation
induced by TLRY agonist CPG was completely abolished in
IRF-8 /" dendritic cells as a result of the inability to phosphor-
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ylate IkB-a/B in the absence of IRF-8 (54). Macrophages
treated with IFN-vy plus LPS displayed increased NF-«B activity
compared with cells stimulated with solely IFN-vy or LPS (55).
Our data also indicate that IRF-8 could induce NF-«B activa-
tion (supplemental Fig. 2), suggesting that IRF-8 induced by
IFN-v and LPS participates in activation of NF-«B. Indeed,
blockade of NF-kB signaling by IkB-a mutant completely abol-
ished both IRF-8 and LPS-induced p28 gene transcription (Fig.
4, D and E), further confirming the role of NF-«B in IRF-8-
induced p28 gene expression. Our data also indicate that a pre-
viously identified NF-«B binding site in the p28 promoter (43)
mediated LPS- and IRF-8-induced p28 promoter activity (Fig.
4@G) but not to IRF-8 alone (Fig. 4F). This is not surprising
because IRF-8 is a much weaker inducer for NF-«B activation
compared with LPS, and its effect is mainly mediated through
the IRF RE in the p28 promoter. Co-transfection of IRF-8 with
different components of the NF-«B family, which mimic LPS
signaling, indicates that NF-«kB p65 and c-Rel mediated p28
gene expression (Fig. 4, Hand I). Taken together, our data dem-
onstrate that MyD88 mediates LPS-induced IRF-8 expression,
which in turn activates NF-«kB and induces IL-27 p28 gene
expression.

By mapping the IRF-8 response element in the p28 promoter,
we found that the IRF-8 RE seemed to be localized between
—140 and —40 of the p28 promoter, exactly where the IRF-1 RE
was identified previously (43). This made us think that IRF-8
mightact through the IRF-1 site to regulate p28 gene activation.
Indeed, the response of the p28 promoter to IRF-8 was com-
pletely abrogated in the IRF-1 RE-mutant p28 promoter.
Because IRF-1 and IRF-8 could physically interact with each
other to form a heterodimer (15), these data prompted us to
further investigate if these two IRF members could synergisti-
cally activate the p28 promoter through the same site. Consis-
tent with the earlier data and the previous study, IRF-8 and
IRE-1 both activated the p28 promoter (Fig. 5D). Co-transfec-
tion of IRF-8 with IRF-1 or vice versa resulted in an additive
effect on p28 promoter activation (Fig. 5, E and F). More impor-
tantly, the additive effects were completely abolished in IRF
RE-mutant p28 promoter (Fig. 5D), demonstrating that IRF-8
and IRF-1 work together to activate p28 gene transcription.

Our previous studies showed that IRF-1 bound to the p28
promoter both in vitro and in vivo (43). Next, we wanted to
know if IRF-8 could also physically bind to the p28 promoter.
The EMSA data clearly showed an IFN-y-inducible binding
with the WT p28 promoter probe (Fig. 6A4). This binding was
completely abolished when used the IRF RE-mutated probe
(Fig. 6A) and competed by the cold WT probe (Fig. 6B), indi-
cating a sequence specificity of the binding. A supershift assay
further demonstrated that IRF-8 is a member of the binding
complex (Fig. 6C). Interestingly, IRF-1 appeared to be the major
component of the complex because an anti-IRF-1 antibody
supershifted the majority of the binding complex (Fig. 6C).
However, when we used an alternative approach, a DNA affin-
ity binding assay, to confirm the binding, it appeared that the
binding intensity of IRF-8 to the p28 promoter was stronger
than that of IRF-1 (Fig. 6D). The difference of binding between
these two assays might be due to a conformation change of the
complex or alteration of the epitopes. By using siRNA to silence
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FIGURE 8. Schematics of the role of IRF-8 in IL-27 production. LPS and
IFN-y induce IL-27 p28 gene expression and IL-27 production in macro-
phages through MyD88/NF-kB and JAK/STAT/IRF-1/IRF-8 signaling pathways

either alone or together. See “Discussion” for a more detailed explanation.
CM, cytoplasmic membrane; NM, nuclear membrane.

IRF-8 expression, we were able to test whether IRF-8 deficiency
could affect the IRF-1 binding. Our results indicate that IRF-1
binding to the p28 promoter is partially dependent on IRF-8
because IRF-1 binding was reduced in IRF-8-silenced cells (Fig.
6F). This is not surprising because IRF-1 expression was
reduced in IRF-8 /" cells (supplemental Fig. 14), and previous
studies showed that IRF-8 and IRF-1/2 interact with each other
to enhance DNA binding activity (15, 56). Interestingly, the
IRF-8 mRNA expression appeared less affected by IRF-1 defi-
ciency (supplemental Fig. 1B), supporting the idea that IRF-8
may have broader effects than IRF-1 on immune responses. In
addition, the ChIP assay clearly demonstrated a strong IRF-8
and IRF-1 in vivo binding to the p28 promoter at the IRF RE
region (Fig. 6G).

Cytokine production in vitro may not reflect overall
responses in vivo that may determine the final outcome of
immune responses to pathogens during infection. Therefore,
we decided to test the levels of IL-27 p28 in serum between WT
and IRF-8 /™ mice challenged with LPS, a model of endotoxic
shock. The levels of p28 protein in serum were significantly
lower in challenged IRF-8 '~ mice compared with WT mice.
The impaired p28 protein secretion correlated with decreased
mRNA expression in the spleens of IRF-8 '~ mice. Because
IRF-8is an inducible gene and has low basal transcription, there
was not much difference in IRF-8 expression between knock-
out mice and WT mice under unstimulated conditions. How-
ever, after treatment with LPS, IRF-8 expression was induced
only in WT and not IRF-8 knock-out mice. Given the fact that
macrophages are the major producer of IL-27, these data sug-
gest that during endotoxic shock, the reduced p28 production
in IRF-8~/~ mice may be due to a defect of p28 production in
macrophages.

Based on our studies and others, we propose a model that
represents the molecular events that lead to IL-27 production
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by antigen-presenting cells (Fig. 8). During the innate phase of
an immune response, microbial antigens activate the NF-«B
pathway via Toll-like receptors (TLR4 for LPS) in a MyD88-de-
pendent manner. Activated NF-«B alone stimulates moderate
transcription of the IL-27 p28 gene, primarily through c-Rel
and p65, and low amounts of IRF-8 as well. The initial small
amount of IL-27 is able to stimulate NK and Th1 cells to pro-
duce IFN-y. IFN-vy then induces robust IRF-1 and IRF-8 expres-
sion, which bind to the p28 promoter, resulting in much greater
levels of p28 transcription and IL-27 production. Combinations
of signals derived from innate and adaptive immune events
stimulate synergistically the production of IL-27 and sustain
the inflammatory response as well as cell-mediated immunity
against pathogens.
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