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Although the role of human IRF-5 in antiviral and inflamma-
tory responses in vitro has been well characterized, much
remains to be elucidated about murine IRF-5. Murine IRF-5,
unlike the heavily spliced human gene, is primarily expressed as
a full-length transcript, with only a single splice variant that was
detected in very low levels in the bone marrow of C57BL/6]
mice. This bone marrow variant contains a 288-nucleotide dele-
tion from exons 4-6 and exhibits impaired transcriptional
activity. The murine IRF-5 can be activated by both TBK1 and
MyD88 to form homodimers and bind to and activate transcrip-
tion of type I interferon and inflammatory cytokine genes. The
importance of IRF-5 in the antiviral and inflammatory response
in vivo is highlighted by marked reductions in serum levels of
type I interferon and tumor necrosis factor a (TNFa) in New-
castle disease virus-infected Irf5~'~ mice. IRF-5 is critical for
TLR3-, TLR4-, and TLR9-dependent induction of TNFe in
CD11c? dendritic cells. In contrast, TLR9, but not TLR3/4-me-
diated induction of type I IFN transcription, is dependent on
IRF-5 in these cells. In addition, IRF-5 regulates TNFa but not
type I interferon gene transcription in Newcastle disease virus-
infected peritoneal macrophages. Altogether, these data reveal
the cell type-specific importance of IRF-5 in MyD88-mediated
antiviral pathways and the widespread role of IRF-5 in the reg-
ulation of inflammatory cytokines.

Type I interferon (IFN)* is rapidly produced in response to
viral infection in almost all nucleated cells. Viral nucleic acids
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are recognized by two classes of cellular receptors as follows:
toll-like receptors (TLR), which are present in the endosomal
compartments of immune cells (1, 2), and the cytoplasmic RNA
helicases RIG-Iand MDADS5 that detect 5'-triphosphate RNA (3)
and dsRNA (4, 5), respectively. The TLR system senses viral
dsRNA (TLR3) (6), viral single-stranded RNA (TLR7/8) (7), and
unmethylated viral DNA with CpG motifs (TLR9) (8). In addi-
tion, recognition of cytosolic DNA by TLR-independent mech-
anisms has also been observed (9, 10). Binding of dsRNA to
TLR3 triggers MyD88-independent signaling pathways, which
activate two IKK-related kinases, Tank binding kinase 1 (TBK1)
and IKKe (also called IKKi). The search for transcription factors
activating the promoters of IFNA and /FNB genes led to the
identification of IRF-3 and IRF-7, which have a critical role in
the transcriptional activation of type I IFEN genes (11-15).
These cytoplasmic IRFs are specifically phosphorylated by
TBK1 and IKKe, transported to the nucleus, and activate
expression of type I IFN genes as well as certain IFN-induced
genes (ISG) (16). Recognition of viral RNAs by cytoplasmic
receptors RIG-I and MDAS5 induces a distinct signaling cascade
via the adapter IPS1 (also called MAVS, CARDIf, and VISA),
which also activates TBK1, IKKg, IRF-3, and IRF-7. In contrast,
activation oftheantiviral pathwayby TLR7/8 or TLR9is MyD88-
dependent and requires IRAK1, IKK«, and TRAF6 but is inde-
pendent of TBK1 and IKKe (17, 18). Generation of mice defi-
cientin TLRs, RIG-I, IRF-3, or IRF-7 has revealed that although
pathogen recognition may be mediated by distinct cellular
receptors and signaling pathways, all pathways converge on
IRF-3 and IRF-7 (1, 19). Activation of IRF-3 is sufficient for the
stimulation of the IFNB gene transcription, whereas activation
of the IFNA genes depends on IRF-7 (12, 20, 21).

Another member of the IRF family, IRF-5, has also been
implicated in innate immunity. The HuIRF-5 variant 4 (Gen-
Bank™ accession number AY_504947.1) is expressed primar-
ily in dendritic cells (DC) and B cells and shows some properties
that are distinct from IRF-3 and IRF-7. Unlike IRF-3 and -7, the
IRE-5 polypeptide contains two nuclear localization signals,
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tion; BMv, bone marrow variant; BMDM, bone marrow-derived macro-
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stomatitis virus; RANTES, regulated on activation normal T cell expressed
and secreted; TLR, toll-like receptor; LPS, lipopolysaccharide; ISRE, interfer-
on-stimulated response element; HAU, hemagglutination units.
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and consequently low levels of nuclear IRF-5 can be detected in
the nucleus of uninfected cells (22, 23). Human IRF-5 is
expressed in multiple spliced variants, and some of these are
transcriptionally inactive and may function as dominant nega-
tive mutants (24). The activation and nuclear transport of indi-
vidual variants of HuIRF-5 also seems to be distinct (25, 26). In
conjunction with the observed in vitro antiviral effects of
HulRF-5, further evidence for the role of IRF-5 in IFN« synthe-
sis has come from genetic studies of systemic lupus erythroma-
tosis (SLE), which is characterized by a constitutive expression
of IFN«/B. Three different functional variants of IRF-5 have
now been identified with defined risk haplotypes for SLE (27),
as well as inflammatory bowel disease (28).

In vitro experiments have shown that in infected cells,
HulREF-5, like IRF-3 and IRF-7, is activated by phosphorylation,
resulting in nuclear translocation and stimulation of IFNA gene
expression (23). The transcriptional signatures of IRF-5 and
IRF-7 in NDV-infected cells were shown to be both overlapping
and distinct (22, 29). IRF-5 was found to specifically up-regulate
early inflammatory cytokines and chemokines in addition to
IFN« (29, 30). Distinctions also exist between the activation of
IRF-3 and IRF-5. The TLR3-TRIF pathway, which activates
both IRF-3 and IRF-7 by TBK-1 and IKKe, does not activate
IRF-5. However, both IRF-5 and IRF-7 are activated by MyD88-
dependent pathways through a TRAF6- and IRAK1-dependent
mechanism (1, 31). Initial analysis of the role of IRF-5 in the
innate antiviral response in Irf5~ "~ mice showed impairment in
the TLR9-mediated induction of IL-6 and TNF« in splenic DC.
However, unlike pDCs from Irf7~“~ mice, which are severely
compromised in CpG-DNA-induced IFN responses, pDCs
from Irf5 /" mice did not show any defect in the induction of
IFNa (19, 32). The impairment of TNFq, IL-6, and IL-12p40
was not limited to TLR9-mediated induction but was also
observed in the TLR4 and TLR3 responses of splenic macro-
phages; however, the induction of type [ IFN in Irf5 '~ cells in
response to these inducers was not examined (32). A subse-
quent paper by the same group reported that Irf5~/~ mice are
highly sensitive to viral infection and show lower levels of type
IFN in the serum. IEN production was also impaired in infected
macrophages, whereas no decrease was seen in Irf5 7~ MEFs
(33). As demonstrated for human IRF-5 v4 (30), MulRF-5 was
also shown to play a role in apoptosis and tumorigenicity in
nude mice (34). Recent observations have shown that IRF-5 and
TLR7 play a role in IFNa induction by RNA-containing
immune complexes present in the sera of SLE patients (35).
Yasuda et al. (35) stimulated a mixture of cDC and pDC derived
from the bone marrow of C57BL/6] and Irf5~"~ mice with IgG
from lupus sera, the TLR9 ligand CpG-A, or the TLR7 ligand
R848 and show that production of IFN« and IL-6 was largely
abolished in Irf5~”" cells, a result that is in contrast to the
report by Takaoka et al. (32).

This study was initiated to clarify the apparent contradic-
tions between the role of HuIRF-5 in the antiviral response (in
particular the type I IFN response) in vitro and MulRF-5 in vivo.
To this effect, we have identified and characterized the IRF-5
transcripts expressed in C57BL/6] mice and determined the
functional properties of MuIRF-5 in vitro and in vivo. Our
results show that unlike HuIRF-5, which is expressed in multi-
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ple spliced variants, MulRF-5 is expressed as a single major
transcript. Low levels of a single spliced MulRF-5 containing a
288-nucleotide deletion were detected only in the bone marrow
of C57BL/6] mice. MulRF-5 enhanced the NDV-induced tran-
scriptional activation of the I[FNA4 and IFNB promoters.
TBK1- and MyD88-activated IRF-5 binds to the IFNA4 pro-
moter and regulates transcription of both type I IFN genes and
inflammatory cytokines. The role of IRF-5 in the antiviral
response was also demonstrated in vivo; serum levels of type I
IEN and TNFa were significantly lower in NDV-infected
IrfS~/~ mice than in the C57BL/6] mice, which is in agreement
with the published data on VSV and HSV-1-infected Irf5 "~
mice (33). IRF-5 plays an important role for NDV- and TLR7-
induced TNF« production in peritoneal macrophages but not
in bone marrow-derived macrophages and is not involved in
type IIFN production in these cells. In contrast, IRF-5 is critical
for TLR-mediated TNFa production in CD11c" DC and for
TLR9-mediated IFN« induction. Altogether, our data clearly
reveal the importance of IRF-5 in antiviral and inflammatory
responses to NDV and the TLR7 and TLR9 MyD88-mediated
antiviral pathway.

EXPERIMENTAL PROCEDURES

Cell Culture, Virus, and Reagents—293T, RAW264.7 and
1929 cells were obtained from the American Type Culture Col-
lection (ATCC). Huh7 and Huh7.5 cells were obtained from
Apath (St. Louis, MO) courtesy of C. Rice (Rockefeller Univer-
sity, New York). All cell lines were cultured in Dulbecco’s mod-
ified Eagle’s medium (Invitrogen) supplemented with 10% fetal
bovine serum (Sigma), 2 mm L-glutamine (Invitrogen), and gen-
tamicin (Quality Biological) except RAW?264.7 cells, which
were grown in RPMI 1640 medium (Invitrogen). Newcastle dis-
ease virus (NDV) La Sota strain was acquired from ATCC and
propagated in embryonated eggs. LPS was from Sigma;
resiquimod (R848) was a generous gift from 3M (St. Paul, MN)
and GL Synthesis Inc. (Worcester, MA), poly(I:C) and poly(U)
were from Roche Applied Science.

Mice and in Vivo Infection—Irf5 /~ mice (generously pro-
vided by Dr. T. Mak, University of Toronto, Canada), were
back-crossed to C57BL/6] mice for at least six generations.
C57BL/6] mice were obtained from The Jackson Laboratory.
Housing and all experiment were carried out in compliance
with protocols approved by The Johns Hopkins University Ani-
mal Use and Care Committee. Mice were infected intraperito-
neally with 1 X 10”7 plaque-forming units of NDV, and blood
was collected at 6 and 24 h after infection.

Cytokine Analysis—Type I IFN levels in serum and cell cul-
ture supernatants were quantitated by bioassay on 1L929 cells
using encephalomyocarditis virus as the challenging virus (36).

Samples from infected animals or cells were acidified to pH
4.5 for 3 days and neutralized prior to being assayed. Levels of
TNFa and IL-6 were measured by ELISA according to manu-
facturer’s instructions (Ebioscience or R & D Systems).

Plasmids—Full-length MulRF-5 cDNA was generated from
total RNA isolated from mouse splenocytes and RAW264.7
cells and cloned in pCDNAG6.1. The bone marrow variant IRF-5
BMv cDNA was generated from RNA isolated from the bone
marrow cells of C57BL/6] mice and cloned into pCDNAG6.1.
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IRF-3, IRF-7 (52, 53), MyD88, and TBK1 expression plasmids
were described previously (37, 38). pEFbos-RIG-I was a gener-
ous gift from Michael Gale (University of Washington, Seattle).
Luciferase reporter plasmids containing promoters of Mu
IFNA and -B genes, pGL-3-IFNB, -IFNA4, -IFNAS, -IFNA6, and
-IFNA13 were a generous gift from Thomas Michiels (Univer-
sity of Louvain, Belgium). The RANTES luciferase reporter
constructs were from John Hiscott (McGill University, Mon-
treal, Canada). The ISRE (5X ISRE from ISG54 gene) was from
Stratagene. The IL-6, TNF, IL-8, and IL-12 luciferase reporter
genes were from K. Fitzgerald (Worcester, MA).

Peritoneal and Bone Marrow-derived Macrophages, Splenic
DC Preparations—Peritoneal macrophages were isolated by
adherence following peritoneal lavage 72 h after intraperitoneal
injection of sterile thioglycolate solution (REMEL), seeded in
RPMI 1640 medium (10% fetal calf serum, 2 mm glutamine, and
gentamicin), and infected with 50 HAU of NDV for the indi-
cated times. Medium was collected, and cytokines were assayed
as described above. For bone marrow-derived macrophages
(BMDM), bone marrow was flushed out of the femurs of WT
and Irf5~/~ mice with RPMI 1640 medium (10% fetal calf
serum, 2 mM glutamine, 5% horse serum, 1 mm sodium pyru-
vate), and the macrophages were seeded into Petri dishes. For
maintenance of the BMDM in culture RPMI 1640 medium was
supplemented with 20% of supernatant taken from 1929 cells
(which produce macrophage colony-stimulating factor). Sple-
nic CD11c™ DC were isolated by positive selection using anti-
CD11c MACS beads (Miltenyi Biotec). For experiments cells
were plated onto 6- or 96-well plates at a plating density of 2 X
10° or 2 X 10* per well, respectively.

RT, PCR, Quantitative PCR, and Sequencing—Total RNA
was isolated using the RNeasy miniprep kit (Qiagen). One
microgram of DNase-treated RNA was reverse-transcribed
to ¢cDNA with oligo(dT) primers and Superscript III (both
Invitrogen). The cDNA was then amplified by PCR using
primers specific for full-length IRF-5 (5'-TTAGATAAGCT-
TGCTATGAACCACTCAGCCCCAG containing a HindIII
site and 3'-TAAATATCTAGATGCTTGCATGCCAACT-
GGGTG containing an Xbal site), exon 2-3 (5'-CTTCAGTG-
GGTCAACGGG and 3'-TGTACGGCTGAGGTGGCAT),
exon7-8(5'-ATCCGTCTGTGCCAGTGTAACand 3'-GCT-
TCTTCTCTCGGGGTTTG), and B-actin (5'-CATGTTTGA-
GACCTTCAACACC and 3'-GCACAGCTTCTCTTTGATG-
TCAC). Primers for exon 6 —8 were described previously (32).
Sequencing was conducted using T7 primers by Macrogen
(Seoul, South Korea). Quantitative PCR analysis for [FNB gene
expression was performed using SYBR green reagent (Invitro-
gen) on a DNA engine Opticon 2 cycler (Bio-Rad) using the
following primers: IFNB (5'-CAGCAATTTTCAGTGTCAG-
AAGC and 3'-CATCCTGTCCTTGAGGCAGT) and B-actin
(5'-CCTGGCACCCAGCACAAT and 3'-GCCGATCCACA-
CGGAGTA). The specificity of amplification was assessed for
each sample by melting curve analysis, and the size of the ampli-
con was checked by electrophoresis. PCR efficiency was calcu-
lated for each RNA with 10-fold dilutions of the cDNA with the
formula E = 10~ /*'°P® — 1 as described previously (39). Relative
quantification was performed using standard curve analysis. All
gene expression data were normalized with B-actin and are pre-
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sented as a ratio of gene copy number per 100 copies of
B-actin = S.D.

Transient Transfection and Reporter Assays—Cells were
transfected with indicated expression plasmids using Lipo-
fectamine 2000 (Invitrogen). For luciferase assay, 293T cells
(2 X 10° cells/well on a 96-well plate) were transfected with 10
ng/well Renilla luciferase plasmid, 40 or 50 ng of cytokine
reporter constructs, and 0-100 ng of MyD88, TBK1, IRF-5,
IRF-3, and IRF-7 plasmids. Empty vector DNA was used to keep
the total amount of transfected DNA constant (250 ng/well of a
96-well plate). Where required, 16 —18 h after transfection, cells
were stimulated with NDV for 16 h. Luciferase activity was
measured using the dual luciferase assay system (Promega) and
normalized against Renilla luciferase activity.

Native and SDS-PAGE and Western Blotting—For the dimer-
ization studies, 293 T cells were transfected with the indicated
amounts of expression plasmids, and where indicated, 18 h
after transfection cells were stimulated with NDV for 6 h prior
to lysis. Lysates (20 ug) were analyzed on native (nondenatur-
ing) gels as described (40) and detected by immune blotting as
described below. For SDS-PAGE, 10-20 ug of total proteins
was resolved on 8 or 10% polyacrylamide gels and transferred to
nitrocellulose or polyvinylidene difluoride membranes. Mem-
branes were blocked for 1 h at room temperature with 5% dry
skim milk powder in TBST before overnight incubation with
anti-mouse IRF-5 (generated in rabbits against the VRFPSPE-
DIPSDKWR peptide by Affinity BioReagents), IRF-3, and 3-ac-
tin antibodies (both from Santa Cruz Biotechnology). The
membranes were subsequently incubated for 1 h at room tem-
perature with horseradish peroxidase-conjugated anti-mouse
or anti-rabbit IgG antibody (Amersham Biosciences), and
immunodetection was visualized by ECL reagents (Amersham
Biosciences) followed by autoradiography on HyBlot CL film
(Denville Scientific).

Chromatin Immunoprecipitation Assay—This assay was per-
formed using a chromatin immunoprecipitation assay kit
(Upstate Biotechnology, Inc.) as described previously, (11); for
full details see supplemental material. The immunoprecipitated
DNA was amplified by PCR with promoter-specific primers for
30 cycles. IFNA4 (5'-TACGTTTGAGCCCAAGGTAGAC and
3'-GGCTGTGGGTTTGAGTCTTCTC), and IFNB (5'-AAA-
GGTACCTCACAGAGACCCTCTCCCAC and 3'-AAAAA-
GCTTGCTGGAAGCCAGGCTGGTGT).

Purification of Polyhistidine-tagged IRF-5 Using Probond
Nickel-chelating Resin—293T cells (5 X 10”) were transfected
with a combination of expression plasmids for 24 h. Cells were
then harvested, and His-tagged IRF-5 and associated proteins
were purified using Ni*>" ProBind resin beads (Invitrogen) fol-
lowing the manufacturer’s instructions; for full details see sup-
plemental material. Eluted proteins were then washed with
phosphate-buffered saline, resuspended in loading buffer,
heated to 95 °C for 5 min, and resolved by SDS-PAGE. Proteins
were detected by immunoblotting with specific antibodies.

RESULTS

Characterization of IRF-5 Transcripts in Inbred Strains of
Mice—We have shown previously that HUIRF-5 is expressed as
anumber of spliced variants in established cell lines and periph-
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FIGURE 1. Characterization of mouse IRF-5 and its splice variants. A, protein sequence alignment of human IRF-5 variant 5 with mouse IRF-5 and the mouse
IRF-5 BMv. The deletion in IRF-5 BMv is shown schematically both for the protein (B) and the genomic DNA sequences (C). L, molecular weight markers (ladder).
Expression of ectopic MulRF-5 (full-length (FL)) and IRF-5 BMv proteins in transfected 293T cells was identified by immune blotting (D), and mRNA expression
was identified by RT-PCR (E). F, to detect the possible presence of IRF-5 splice variants in C57BL/6J (lane 1), BALB/c (lane 2), and NZB mice (lane 3), regions
representing full-length IRF-5 and distinct exons were amplified by two-step RT-PCR using total splenic RNA.

eral blood mononuclear cells, with most of the deletions local-
ized in exon 6 (24). In transient transfection assays only IRF-5
variant 4 (v4) was able to effectively stimulate transcriptional
activity of IFNA and IFNB promoters. Two IRF-5 variants, v9,
which encodes only the DNA binding peptide-(1-157) and
v7-(110-389), encoding a truncated protein, could potentially
serve as dominant negative mutants and interfere with endog-
enous IRF-5 activity (24—-26). To determine whether similar
variation in IRF-5 transcripts also exists in mice, we analyzed the
IRF-5 transcripts found in C57BL/6] mice. Sequence analysis of
MulRF-5 clones generated from the splenic cells RNA of
C57BL/6] mice, the genetic background of the Irf5~"~ mice (32),
has identified only a single transcript of MulRE-5 identical to the
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MulRF-5 sequence deposited in GenBank™ (NM_012057),
which encodes a 498-amino acid protein.

MulRE-5 shares ~87% amino acid sequence homology with
HulRF-5 v5 (GenBank™ accession number AA_U12877),
which encodes the full-length IRF-5 protein with no internal
deletions (Fig. 14). The most striking difference between the
human and mouse IRF-5 proteins is a 5-amino acid deletion in
MulRE-5. In addition to full-length MuIRE-5, we found a single
splice variant expressed in the bone marrow at a very low fre-
quency (supplemental Table 1), referred to hereafter as the
bone marrow variant or BMv (GenBank™ accession number
EU_401974). The BMyv transcript contains a 288-nucleotide
deletion, which excises part of exon 4, all of exon 5, and part of
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exon 6 (Fig. 1, A-C). When cloned into the pCDNA6.1 expres-
sion vector and expressed in 293T cells, full-length IRF-5
encodes a protein with an electrophoretic mobility of ~55 kDa,
whereas the BMv migrated as an ~45-kDa protein (Fig. 1E).

Like IRF-3 (41), IRF-5 contains two domains, an N-terminal
DNA binding domain and a C-terminal transactivation
domain, which is responsible for IRF-3 dimerization and C-ter-
minal-specific serine phosphorylation. In both IRF-3 and
IRE-5, these two regions are connected by a 70-amino acid pro-
line-rich linker that contains nuclear export signals. The role of
the linker in IRF-3 is unknown, but all the major changes in the
different HuIRF-5 variants occur in this region. Similarly,
the 96-amino acid deletion in MuIRF-5 BMv encompasses
the majority of this linker region. To determine whether the
presence of the IRF-5 BMv is specific to the high IEN producing
C57BL/6] strain, we have also examined the profile of IRF-5
transcripts in the spleens of two other inbred strains of mice as
follows: the low type I IEN producing BALB/c strain and the
NZB strain, one of the animal models for SLE. Elevated expres-
sion of multiple splice variants of IRF-5 has been found to be a
genetic risk factor for autoimmune diseases such as SLE in
humans (27, 42). An RT-PCR analysis of full-length IRF-5 tran-
scripts and the regions between exons 2-3, 6—8, and 7-8
shows that there were no additional splice variants present in
the spleens of these two strains of mice (Fig. 1F). Although we
cannot completely rule out the possibility that there is very low
level expression of splice variants in these mice, these data indi-
cate that the full-length transcript is the major form of IRF-5
present in these strains. Similarly, the analyses of IRF-5 tran-
scripts in various mouse cell lines show the presence of only
full-length transcripts (data not shown), which is in marked
contrast to HuIRF-5.

Activated MulRF-5 Stimulates Transcription of IFNA and -B
Promoters—As we have shown previously, HUuIRF-5 v4, stimu-
lates transcriptional activity of IFNA gene promoters in
reporter assays and induces several JFNA genes in NDV-in-
fected 2fTGH cells (which lack IRF-7) (23, 41). We therefore
examined whether MulRF-5 is also capable of stimulating type
I IFN promoters in infected cells by employing the luciferase
reporter assay. Promoter activation was measured in 293T cells
cotransfected with IFNA and IFNB reporter plasmids in the
presence or absence of IRF-5 in both uninfected and NDV-
infected cells. NDV infection resulted in a large enhancement
of the IRF-5-mediated stimulation of the IRFB (12-fold) possi-
bly because of interaction with endogenous IRF-3 and only a
minor effect on the induction of the IFNA4 promoter, but it had
no effect on any of the other JFNA promoters (Fig. 24).

It has been shown that both Hu- and MulRF-5 are activated
by the TLR7 and TLR9 signaling pathways and that this activa-
tion is MyD88-dependent (1, 31). We therefore used the over-
expression of MyD88 to mimic TLR activation. Overexpression
of MyD88 or IRF-5 alone did not enhance significantly stimu-
lation of the type I IFN promoters (Fig. 2B). MyD88-activated
IRF-5 induced an increase in transcriptional activity of the
IFNB promoter (5-fold) as well as the IFNA 13 promoter, with
no effect on IFNAS or [FNA6. The major effect was seen on the
IFNA4 promoter, where a significant enhancement (20-fold) in
transcriptional activity was observed with MyD88-activated
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IRF-5 compared with either IRF-5 or MyD88 alone. Further-
more, the stimulation of [FNA4 and IFNB promoters was pro-
portional to the amount of transfected IRF-5 both in infected
and uninfected cells (supplemental Fig. 1, A-C), and the effect
was cell line-independent as IRF-5 was able to stimulate the
IFNA4 promoter in C57BL/6], MEFs, NIH/3T3, L929, and
RAW264.7 cells (data not shown). As the most significant stim-
ulation by MyD88-activated MulRF-5 in this assay was
observed for the IFNA4 promoter, subsequent work was
focused mainly on this promoter.

As the IRF-5 BMv splice variant, described in Fig. 1, contains
an internal deletion of most of exons 4 —6, we next examined
whether this variant retains transcriptional activity using the
reporter assays described above. Comparisons of the ability of
MyD88-activated IRF-5 and IRF-5 BMv to stimulate the [FNA4
promoter show that IRF-5 BMv is a much weaker activator of
this reporter, indicating that the proline-rich linker of the IRF-5
peptide is functionally important (Fig. 2C). Because our data
indicated that IRF-5 also binds to the PRDIII-I region of the
IFNB promoter,® we have examined whether MyD88-activated
MulRF-5 can stimulate a reporter plasmid in which luciferase
expression is activated by PRDIII-I repeats. As shown in Fig.
2D, MyD88-activated IRF-5 effectively stimulated the tran-
scriptional activity of the PRDIII-I reporter, whereas activation
of this reporter by the BMv was negligible, further confirming
the importance of this linker region for the function of
MulREF-5.

The activation of IRF-7 by the MyD88 pathway is well estab-
lished (1). We therefore compared the activation of IFNA4 by
MyD88-activated IRF-5 and IRF-7. Under the transfection con-
ditions used, stimulation of the IFNA4 promoter by ectopic
expression of IRF-5 was low (2-3-fold), whereas the overex-
pression of IRF-7 resulted in significant promoter stimulation
(supplemental Fig. 1B) indicating that the activity of the ectopic
IRE-7 contributes significantly to the high transcriptional activ-
ity of MyD88-activated IRF-7 in transfected cells.

It has been shown that the promoters of the IFNA4 and IFNB
genes can be stimulated by both activated IRF-3 and IRF-7 (15,
43). These IRFs are activated by specific serine phosphorylation
mediated by TBK1 and IKKe kinases (44, 45), which are stimu-
lated by TLR3, TLR4, and RIG-I/MDA-5 signaling pathways
(46). To determine whether TBK1 also activates MulRF-5, the
IFNA4 and IFNB reporter plasmids were cotransfected with
IRF-5 in the presence and absence of a TBK1 expression vector.
However, ectopic expression of TBK1 alone resulted in strong
promoter stimulation, and the presence of IRF-5 resulted only
in a small (2-3-fold) enhancement (supplemental Fig. 2A).
Ectopic TBK1 also effectively stimulated the IFNB promoter,
whereas the presence of IRF-5 resulted in an insignificant
enhancement (supplemental Fig. 2B). Taken together these
results demonstrate that in cells overexpressing TBK1, IRF-5
expression does not contribute significantly to the transcrip-
tional activation.

Activated IRF-5 Forms Homodimers and Binds to the IFNA4
Promoter—Activation of the IRF-3 protein by specific serine
phosphorylation results in a conformational change, which

5 P. M. Pitha and K. A. Fitzgerald, unpublished data.
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FIGURE 2. MulRF-5 preferentially stimulates the murine IFNA4 gene promoter. A, 293T cells were transfected with the respective type | IFN promoter-luciferase
reporter plasmids (50 ng), MulRF-5 expressing plasmids (50 ng), or empty pcDNA6 vector and Renilla luciferase plasmid (10 ng). 20 h post-transfection cells were
infected with NDV for 16 h and assayed for luciferase activity that was then normalized against Renilla luciferase. B, 293T cells were transfected with IRF-5 (50 ng) in the
presence or absence of MyD88 (100 ng), with Renilla luciferase plasmid (10 ng) and type | IFN promoter-luciferase reporters (50 ng). G, 293T cells were transfected
with IRF-5 full-length or IRF-5 BMv (100 ng) and MyD88 (50 ng) plasmids, IFNA4 reporter plasmid, and Renilla luciferase plasmid. Where indicated, cells
were also infected with NDV for 16 h. D, 293T cells were transfected with IRF-5 full-length or IRF-5 BMv (10 ng), MyD88 (40 ng), PRDIII-I reporter plasmid,
and Renilla luciferase plasmid. Band D, samples were assayed for luciferase activity 24 h post-transfection and normalized against Renilla luciferase. Data

shown are combined from 2 or 3 independent experiments in A and C assays and triplicate repeats for B and D experiments.

facilitates homodimer formation (40). We have previously
shown that HuIRF-5 v4 undergoes specific serine phosphoryl-
ation in NDV-infected cells and forms homodimers as well as
heterodimers with IRF-3 and IRF-7 (29). We have therefore
examined whether ectopic expression of MyD88 or TBK1 and
NDV infection can also induce formation of MulRF-5
homodimers by using nondenaturing gels to detect the change
in protein mobility following dimerization (25, 40). Formation
of IRF-5 homodimers was detected in cells cotransfected with
MyD88 and MulRF-5 (Fig. 3A4). In addition, in cells transfected
with the IRF-5 BMv, MyD88 also induced formation of IRF-5
BMyv homodimers. These data indicate that the proline-rich
region of the IRF-5 peptide is not critical for dimer formation.

It was shown that NDV-induced type I [FN synthesis pro-
ceeds through the activation of the RIG-I pathway in most cells
(47), where both the TBK1 and IKKEe kinases have a critical role
for the expression of type I IFN genes (38, 45). Ectopic expres-
sion of TBK1 very effectively induced formation of IRF-5
homodimers, whereas the formation of IRF-5 dimers was
nearly undetectable in cells infected with NDV (Fig. 3B). As a
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positive control we show that both TBK-1 and NDV infection
induced formation of IRF-3 homodimers. These data indicate
that the levels of activated TBK1 induced by NDV infection are
sufficient to induce dimerization of IRF-3 but not of IRF-5.

To further evaluate the role of IRF-5 in the induction of the
IFNA4 gene, we have analyzed the ability of MyD88-activated
IRF-5 to bind to the IFNA4 promoter using chromatin immu-
noprecipitation. The ability of NDV infection to stimulate
IRF-5 binding to the IFNA4 VRE was also examined, as we had
observed that IRF-5 enhanced NDV-mediated activation of the
IFNA4 promoter in the luciferase reporter assay. Cells were
either cotransfected with IRF-5 and MyD88 or IRF-5-trans-
fected cells were infected with NDV. The DNA-protein com-
plexes were precipitated with anti-IRF-5 antibody, and the pre-
cipitated DNA was amplified by PCR using primers specific for
the IFNA4 VRE. The PCR conditions used gave rise to linear
amplification (data not shown). As shown in Fig. 3C, fragments
containing the IFNA4 VRE were effectively amplified from
DNA-protein complexes immunoprecipitated from MyD88-
transfected cells, but low levels of amplification were seen also
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stimulation but not TLR3 or TLR4
stimulation (supplemental Fig. 3C).
Taken together, these data corre-
late with the results of the tran-
sient transfection assays, and they
indicate that under the same
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FIGURE 3. MyD88-activated IRF-5 dimerizes and binds to the IFNA4 promoter. A, 293T cells were trans-
fected with MyD88, full-length IRF-5, or IRF-5 BMv (all 0.5 wg) plasmids as indicated. Cells were lysed 24 h after
transfection, proteins separated on a 7.5% native gel, and dimers detected by immunoblotting with anti-IRF-5
antibody. B, 293T cells were transfected as indicated with IRF-5 or IRF-3 and TBK1 plasmids (all 0.8 ng). 18 h after
transfection cells were infected with NDV for 6 h. Proteins were analyzed on native and SDS-polyacrylamide
gels and visualized by immunodetection. B-Actin levels were determined as a control for equal protein loading.
G, in vivo binding of IRF-5 to the murine IFNA4 promoter was analyzed using the chromatin immunoprecipita-
tion assay. The 293T cells were transfected with IFNA4 reporter (150 ng) and IRF-5 (110 ng) plasmids and either
cotransfected with MyD88 plasmid (1.2 ug) or 18 h after transfection infected with NDV for 6 h. The chromatin
immunoprecipitation assay was performed 24 h post-transfection as described under “Experimental Proce-
dures.” Transfection with empty vector and immunoprecipitation with a nonspecific IgG antibody were used as
controls. D, 293T cells (5 X 107) were transfected with a combination of IRF-3, IRF-5, MyD88, and TBK-1 plas-
mids, and 24 h after the transfection, cells were lysed under nondenaturing conditions, and IRF-5 was purified
on Ni*-charged resin as described under supplemental Experimental Procedures. IB, immunoblot.

the formation of IRF-3 homodimers
as well as the presence of a broad
IRF-5 double band that could
potentially represent the distinct
mobility of an IRF-5 homodimer
and an IRF-5/IRF-3 heterodimer
(data not shown).

To determine whether MulRF-5
can bind IRF-3, we have transfected
IRE-5 either alone, with MyD88 or

in the absence of MyD88. These data indicate that in the unin-
duced cells overexpressing MulRF-5, low levels of nuclear
MulRF-5 bind the I[FNA4 promoter. When the chromatin pre-
cipitation was done in NDV-infected cells, we also detected
binding of IRF-5 to the IFNA4 VRE, but the binding was
increased only by about 2-fold compared with uninfected cells
(Fig. 3C). No binding of IRF-5 to the IFNA4 VRE could be
detected when the cells were transfected with empty vector, or
following precipitation with nonspecific IgG antibodies,
although input DNA amplification shows equal loading of the
samples. These data indicate that in cells expressing ectopic
IRF-5, the low levels of IRF-5 constitutively present in the
nucleus are able to bind to the IFNA4 promoter. In contrast to
NDV infection, MyD88 activation of IRF-5 leads to a significant
increase of IRF-5 binding to the IFNA4 promoter. Furthermore,
IRF-5 was found to bind both the IFNA4 and IFNB promoters
in RAW?264.7 cells stimulated with the TLR7 ligand poly(U) but
not in cells stimulated with poly(I‘C) or LPS, demonstrating
that IRF-5 binds to type I IFN promoters in response to TLR7

E
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TBK1 plasmids, and in the presence
or absence of IRF-3, lysed the cells in nondenaturing condi-
tions, and used Ni** -charged resin to pull down the His-tagged
MulRE-5 as well as any proteins bound to IRF-5, which can then
be detected by Western blotting. It can be seen in Fig. 3D that
the relative levels of ectopic IRF-5 in the cell lysates were greatly
enhanced when IRF-5 was cotransfected with MyD88 or TBK1
and that MyD88- or TBK1-activated IRF-5 bound more effec-
tively to the Ni®" resin than inactive IRF-5. As shown in Fig. 3D,
no association between the endogenous IRF-3 and ectopic
IRF-5 or MyD88-activated IRF-5 was detected, whereas in
TBK1-transfected cells low levels of endogenous IRF-3 were
pulled down together with IRF-5. In cells cotransfected with
both IRF-3 and IRF-5, high levels of ectopic IRF-3 copurified
with IRF-5, in the presence of ectopic TBK1, whereas very little
IRF-3 copurified with IRF-5 in MyD88-transfected cells (Fig.
3D). These data indicate that TBK1-activated IRF-3 and IRF-5
can heterodimerize; however, the relative levels of het-
erodimers formed between MyD88-activated IRF-5 and inac-
tive IRF-3 were about the same as detected between ectopic
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IRF-5 and endogenous IRF-3. The data also indicate that inac-
tive IRF-5 binds poorly to the Ni*" resin. Western blot analysis
of the input lysates shows that the relative levels of ectopic
IRF-5 were substantially increased in the presence of MyD88
and TBKI. Surprisingly, the levels of endogenous and trans-
fected IRF-3 were lower in cells cotransfected with MyD88, and
levels of ectopic IRF-5 were lower in cells cotransfected with
IRE-5, IRE-3, and MyD88. These differences were not because
of variability in the amount of analyzed protein as the levels of
B-actin were comparable in all samples, or transfection effi-
ciency because the amount of transfected DNA was kept con-
stant. Whether the overexpression of ectopic MyD88 induces
IRF-3 or IRF-5 degradation is under investigation.

Role of IRF-5 in TLR-dependent Induction of Inflammatory
Cytokines—Our previous results indicated that overexpression
of HuIRF-5 in virus-infected fibroblasts or B cell lines induced a
number of inflammatory cytokine and chemokine genes in
addition to type I IFNs (22, 29). Furthermore, it was reported
that Irf5 '~ mice showed a major defect in TLR4- and TLRY-
dependent induction of inflammatory cytokines (32). We were
therefore interested in determining whether we could establish
a role for MulRF-5 in the TLR-mediated induction of inflam-
matory cytokines in vitro. To this effect we first analyzed the
activation of different cytokine promoters in 293T cells stably
expressing TLR2 or TLR4. Both TLR2 (Fig. 44) and TLR4
ligands (Fig. 4B) were effective inducers of the IL-6, IL-8, and
NFkB promoters, with only small inductions observed for the
RANTES and IFNB promoters. In contrast, Sendai virus, which
does not signal through either TLR, efficiently induced the
IFNB and RANTES promoters and low levels of the IL-6, IL-8,
and NFkB promoters. As the syntheses of TNFa and IL-6 were
down-regulated in macrophages from Irf5 '~ mice upon LPS
and CG DNA stimulation (32), we have also examined whether
ectopic expression of IRF-5 would facilitate the activation of
these promoters. Stimulation of TLR2 by Pam2Cys or overex-
pression of IRF-5 alone did not activate the TNFA promoter;
however, ectopic expression of IRF-5 in conjunction with TLR2
stimulation resulted in a 3-fold increase in the promoter activ-
ity (Fig. 4C). MyD88-activated IRF-5 significantly increased the
activity of TNFA promoter (5— 6-fold) in unstimulated cells, and
no further enhancement was seen upon TLR2 stimulation. Simi-
larly IRF-5 enhanced the transcriptional activity of the /L-6 pro-
moter (supplemental Fig. 3A4) and the promoter containing multi-
ple ISREs (data not shown) in TLR2-stimulated cells. The fact that
TLR2 stimulation and MyD88 activation of IRF-5 result in the
same degree of activation of TNFA and IL-6 promoters indicates
that the TLR2-mediated activation of IRF-5 is through MyD88 and
that IRF-5 is the mediator of the inflammatory cytokines induced
by TLR2 signaling. Indeed, cotransfection of IRF-5 with
either MyD88 or TBK1 as activators indicates that it is only
through MyD88 that IRF-5 activates the TNFA promoter
effectively (Fig. 4D).

It has been previously demonstrated that activated IRF-3 is
an effective inducer of the RANTES promoter that, like the
IFNB promoter, contains IRF- and NF«B-binding sites (49).
NDV-activated HulRF-5 v4 was shown to be an effective
inducer of inflammatory cytokines including RANTES (22). We
have therefore examined whether MyD88-activated MuIRF-5
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and IRF-5 BMv can also stimulate the promoter of the RANTES
gene. Although IRF-5, IRF-5 BMyv, or MyD88 alone did not
significantly induce the RANTES promoter, MyD88-activated
IRF-5 was an effective inducer (4-fold stimulation), and as seen
for the type I IFN promoters, IRF-5 BMv showed a reduced
transcriptional activation of this promoter (Fig. 4E). Altogether
these data indicate that the MyD88-activated antiviral and
inflammatory pathways employ IRF-5.

Effect of Homozygous MulRF-5 Deletion on the Antiviral and
Inflammatory Responses—To confirm the role of IRF-5 in the
antiviral and anti-inflammatory response to viral infection we
have used mice, which have a homozygous deletion of the IRF-5
gene. Previous reports suggested that whereas IRF-5 deletion in
¢DC, macrophages, and pDC impaired the TLR-mediated
induction of several inflammatory cytokines, induction of [IFN«
in pDCs was unaffected, at least for CpG-A DNA stimulation
(32). The same laboratory recently reported that Irf5 "~ mice
showed enhanced sensitivity to VSV infection and decreased
serum levels of type I IFN (33). Given our in vitro data, which
clearly established IRF-5 as a key mediator of IFNA gene induc-
tion, we wished to clarify the role of IRF-5 in both the antiviral
and inflammatory responses. We therefore compared these
responses in NDV-infected Irf5~~ mice and wild type (WT)
C57BL/6] mice. High serum IFN levels could be detected in WT
mice at 6 h postinfection with 10”7 plaque-forming units of
NDV, whereas the levels of biologically active type I IFN were
significantly lower in Irf5~ '~ mice (Fig. 5). Similarly there was a
highly significant decrease in the serum levels of TNFa; how-
ever, no differences in serum levels of IL-6 were observed, indi-
cating that although IRF-5 plays a role in the antiviral IFN and
TNFa response to NDV infection in vivo it does not play a
significant role in IL-6 induction in this particular model.

Viral infection can stimulate type I IFN production in most
infected cells; however, pDCs were shown to be the major
source of circulating IFN« (50, 51). In vitro experiments have
shown that although the synthesis of type I IEN in pDC is pri-
marily mediated by activation of TLR7 or TLR9, in other cells
types viral infection induces IFN synthesis primarily by the
RIG-I/MDAS5 pathway (1). To determine which immune cells
require IRF-5 for the antiviral and inflammatory response, we
have analyzed its role in ex vivo experiments. Comparison of
IEN synthesis in NDV-infected bone marrow cells and spleno-
cytes from WT and Irf5~”~ mice shows that IRF-5 contributes
to IFN synthesis in the mixed cell populations from both com-
partments (Fig. 6A). The analysis of an inducible cytokine pro-
file was repeated in peritoneal macrophages infected with NDV
for 24 h, with no observable difference in type I IFN (Fig. 6B)
and IL-6 (data not shown) synthesis between WT and Irf5 "~
macrophages and decreased TNFa production in Ifr5~"~ mac-
rophages (Fig. 6C). A decrease in TNFa synthesis induced by
TLR7 stimulation, but not after TLR4 stimulation, was also
observed (Fig. 6C).

To further examine the role of IRF-5 in inflammatory and
IFN responses to TLR ligands, we generated BMDM by incuba-
tion of bone marrow cells with granulocyte-macrophage colo-
ny-stimulating factor. BMDM were stimulated with ligands for
TLR3, TLR4, TLR7, and TLRY, and TNFa levels were measured
by ELISA. No differences in TLR3-, TLR4-, TLR7-, or TLR9-
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FIGURE 4. Role of IRF-5 in TLR-dependent induction of inflammatory cytokines. 293T cells stably expressing TLR4 (A) or TLR2 (B) were transfected with
luciferase reporters containing promoters of different inflammatory cytokines (40 ng), IRF-5 (100 ng), and Renilla luciferase (40 ng) plasmids. 8 h after
transfection, cells were infected with Sendai virus (300 HAU/ml) or stimulated with Pam2Cys (10 nm) or LPS (10 ng/ml) in the presence of supernatants from
MD2-expressing cells for 16 h. C, cells were transfected with the indicated amounts of IRF-5 and MyD88, Renilla luciferase (40 ng) plasmids, and TNFA reporter
plasmid (40 ng) as described above. Transfected cells were left unstimulated or stimulated with 10 nm Pam2Cys for 16 h. D, 293T cells were transfected with
IRF-5 (100 ng) and MyD88 or TBK1 (50 ng) plasmids, TNFA reporter, and Renilla luciferase plasmids. E, 293T cells were transfected as indicated with full-length
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cells and inducers were analyzed for IFN synthesis, the absence
of IRF-5 led to a marked defect in CpG-B-mediated induction

activated TNFa or IFN synthesis were observed between
BMDM from WT and Irf5~“~ mice (Fig. 6D and data not

shown). We next examined these responses in splenic CD11c™
DC, a population of cells that contains both cDC and pDC (52).
In contrast to the BMDM, where no effect of IRF-5 was
observed, the splenic CD11c* DC population from Irf5 "~
mice showed impaired TNFa production in response to TLR3,
TLR4, and in particular CpG-DNA B class oligodeoxynucleoti-
des that signal via TLR9 (Fig. 6E). When the same population of
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of IFNB (Fig. 6F) but not that induced by TLR3 or TLR4 path-
way. A similar defect in IFNB induction was seen when the
CD11c* DC from Irf5/~ mice was stimulated with the TLR7
ligand R848 (data not shown).

From these data, we conclude that the antiviral response to
NDV infection in vivo is not entirely mediated by the RIG-I
pathway, which does not effectively activate IRF-5. The func-

JOURNAL OF BIOLOGICAL CHEMISTRY 14303



Role of Murine IRF-5 in Antiviral Inmunity

p=0.002

p=0.09
8.0x104- 1750+
7.0%1044 1500+
6.0%104 12501
= 5.0%104 . E
E B 10004
2 4.0x104 ~
-4 L 7504
L 30x10e £
500-
2.0%1044
1.0%1044 2501
04
C57BLI6J IRF-5 KO

CS57BLI6J

p=0.27

1500+

1250+

1000+

7504

5004

T

2504

IRF-5 KO

C57BL/6J

IRF-5 KO

FIGURE 5. Role of IRF-5 in the antiviral and inflammatory response to NDV infection in vivo. IRF-5-deficient mice (Irf5~/~) and C57BL6/J (wt) mice were
infected with NDV (50 HAU) for 6 h and then the collected serum was analyzed for type | IFN by bioassay (left), TNFa (middle), and IL-6 by ELISA (right). Data
shown are combined from four independent experiments, wild type n = 12 and Irf5~/~ n = 15 mice.

tion of IRF-5 in the inflammatory response is also broader and
less cell type- and inducer-restricted than its role in the antiviral
response. IRF-5 plays a role in TNFa synthesis in peritoneal
macrophages and CD11c™ DC in response to both viral infec-
tion and TLR3 and TLR4 stimulation, although its antiviral role
is limited to ¢cDC and TLR7 and TLR9 activation.

DISCUSSION

Remarkable progress has been made in recent years in iden-
tifying cellular receptors detecting invading pathogens as well
as in understanding the signaling pathways leading to the tran-
scription of type I IFN genes. Two of the IRFs, IRF-3 and IRF-7,
were shown to have a major role in the transcriptional activa-
tion of type I IFN genes (43, 53-55), and although recognition of
viral nucleic acids is mediated by distinct cellular receptors and
signaling pathways, they all converge on IRF-3 and IRF-7 (1,
19). The implication of a role of IRF-5 in the inflammatory
response gave new insights into the regulation of the antiviral
response (56, 57). In vitro studies showing that HuIRF-5 stim-
ulates the transcription of chemokines, inflammatory cytokines
and IFNA genes suggested that IRF-5 is required for an optimal
inflammatory and antiviral response (22). The fact that
HulRF-5 is expressed as a large number of spliced variants,
some of which are not activated by viral infection, suggested its
potentially complex role in vivo (24-26). However, the initial
studies using Irf5 7~ mice showed a significant decrease in
inducible expression of inflammatory cytokines but no defect in
TLR-mediated type I IFN induction (32). Thus the role of IRF-5
in the induction of the antiviral response remained unclear.

Previous studies had identified several distinctly spliced
HulRF-5 isoforms (designated variants 1-9) that showed vari-
ation in insertions or deletions within exon 6, cell type-specific
expression, and distinct cellular localization (24 —-26). In con-
trast, the characterization of IRF-5 transcripts in the spleen
cells of C57BL/6], BALB/c, and NZB mice and several murine
cell lines has shown the presence of a single dominant tran-
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script with close homology to the full-length human IRF-5 var-
iant 5. However the existence of low levels of alternatively
spliced variants expressed in distinct cell types cannot be com-
pletely eliminated, as a single variant (IRF-5 BMv) containing a
deletion from exon 4 to 6 was expressed at very low levels in the
bone marrow of C57BL/6] mice (Fig. 1 and supplemental Table
1). These data indicate that MulRF-5 unlike the HuIRF-5 is not
heavily spliced but is expressed as a single dominant mRNA and
minor alternately spliced mRNAs. Minor alternatively spliced
variants of IRF-1, IRF-3, and IRF-7 were also detected previ-
ously (58— 60).

HulRF-5 v4 is one of the most transcriptionally active and
best studied variants of HuIRF-5 and is able to efficiently stim-
ulate the expression of IFNAI, -A4, -A8, and -A14 genes in
NDV-infected cells in the absence of IRF-7 (23). The transcrip-
tional profiles of inflammatory and particularly type I I[FN genes
induced by IRF-5 and IRF-7 were found to be both overlapping
and distinct suggesting that the two factors have both common
and nonredundant roles (23, 25, 29). The activation of HuIRF-5
was shown to be inducer- and TLR-specific, with activation
occurring after NDV or VSV infection, but not after poly(I-C)
stimulation (23). Furthermore, although signaling through TLR7
and TLRO resulted in the activation and nuclear translocation of
HulREF-5, signaling induced by poly(I:C) binding to TLR3 did not
activate HUIRF-5 (31, 32). These data suggested that activation of
IRE-5 occurs in a more restricted manner than that seen with IRF3
and IRF7.

Transcriptional activation by MulRF-5 shows a slightly dif-
ferent pattern; in NDV-infected cells MulRF-5 activated the
murine JFNA4 and IFNB promoters, but no significant activa-
tion of the other murine /FNA promoters was detected (Fig.
2A). Furthermore, the activation of MuIRF-5 by NDV infection
was inefficient, with no significant formation of MulRF-5
homodimers and only a small increase in the binding of IRF-5 to
the IFNA4 VRE in cells (Fig. 3). Thus, in this respect, MulRF-5
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FIGURE 6. Cell type-specific role of IRF-5 in the antiviral and inflammatory response. A, total white blood cells from spleen and bone marrow cells (2 X 10°
cells). B, peritoneal macrophages (2 X 10° cells) from WT and /rf5~/~ mice were infected with NDV (50 HAU) for 24 h. The levels of type | IFN in the culture
medium were measured by bioassay. C, peritoneal macrophages from WT and Irf5~/~ mice were infected with NDV (50 HAU) and treated with R848 (10 um) or
LPS (20 ng/ml) for 24 h, and TNF« levels in the supernatant were measured by ELISA. D, BMDC. £, purified splenic CD11c* DC (1 X 10° cells) from WT and /rf5 7~
mice were stimulated for 16 h with the respective TLR ligands, and levels of TNFa in the medium were measured by ELISA. F, purified splenic CD11¢™ DC (1 X
106 cells) from WT and Irf5~/~ mice were stimulated for 2 h with respective TLR ligands. Cells were harvested; total RNA was isolated, and relative levels of IFN3
were measured by real time PCR. Transcript levels are shown in arbitrary units (A.U.) compared with B-actin.

resembles HUIRF-5 v5, which was not phosphorylated and did
not form dimers in NDV-infected cells, rather than HuIRF-5 v4
(25). Although the formation of HuIRF-5v4 and IRF-3 het-
erodimers in infected cells was clearly demonstrated (48) bind-
ing of IRF-5 v5 and IRF-3 was not observed (25). We show that
the TBK1-activated MulRF-5 forms both homodimers and het-

MAY 23, 2008+VOLUME 283+NUMBER 21 &3@;

erodimers with activated IRF-3. Recruitment of activated IRF-5
to the IFNA4 promoters was also increased in cells overexpress-
ing IRF-3 (data not shown).

The NDV-induced activation of IRF-3 was shown to proceed
through the RIG-I pathway, leading to the activation of TBK1
and phosphorylation of IRF-3 on a specific cluster of serines in
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the C terminus of the protein (44, 45). The role of the RIG-1/
MDADS5 pathway in the activation of IRF-5 by NDV infection
needs further evaluation; in vivo infection and ex vivo stimula-
tion of macrophages suggested that IRF-5 was important in the
innate inflammatory response following infection, yet in vitro
transfection assays showed no significant cooperation between
RIG-I and IRF-5. As expected, the NDV-mediated induction of
IFNB promoter was nearly negligible in the RIG-I-defective
Huh7.5 cell line, and the activation of IRF-5 by ectopic RIG-I
after NDV infection was lower than the activation of IRF-3
(supplemental Fig. 4). There is also no evidence that TBK1 plays
any role in the TLR7/9-mediated activation of IRF-7 as, in mice,
IKKa rather than TBK1 was shown to be critical for the TLR7-
and TLR9-mediated activation of IRF-7 and IFNA genes (17, 18,
61). Therefore, although TBK1 can induce formation of IRF-5
homodimers, the serine phosphorylation required for the acti-
vation of IRF-5 in the MyD88-dependent pathway is dependent
on IRAK1 (31). Both IRF-7 and IRF-5 associate with MyD88 as
well as with TRAF6, and this association is critical for the acti-
vation of both IRFs (17, 32, 61). We have shown that MyD88-
induced homodimerization of MuIRF-5 is less efficient than
TBK1-induced homodimerization, yet MyD88 is a more effec-
tive activator of IRF-5 than TBK1. These data indicate that for-
mation of IRF-5 homodimers may not be a true indicator of
IRE-5 activation. The MyD88-activated MuIRF-5 binds effi-
ciently to the IFNA4 VRE in cells (Fig. 3) and activates both
IFNA and IFNB promoters in a dose-dependent manner (Fig.
2B and supplemental Fig. 1). Furthermore, the binding of acti-
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FIGURE 7. The role of IRF-5 in the innate antiviral response. Following infection, viral nuclei acids are rec-
ognized by membrane-bound TLR and cytoplasmic RIG-I/MDAS5 receptors. Our data, in conjunction with data
of others (32), have shown that IRF-5 is activated by TLR7- or TLR9-, MyD88-dependent pathway. Activated
IRF-5 stimulates expression of IFNA and IFNB genes as well as the inflammatory cytokines. However, although
therole of IRF-5 in the activation of type | IFN genes is restricted to the MyD88 pathway and to cells that express
the TLR7 or TLR9 receptors, the activation of the inflammatory genes by TLR4 and TLR3 seems also to be
dependent on IRF-5, and consequently the role of IRF-5 in the induction of these inflammatory cytokines is
broader and less cell type-restricted. There is no evidence that IRF-5 plays a substantial, if any, role in the Rigl,
IPS1 (VISA/MAVS/CARDIf) pathway, and whether it can be activated by the MAD5 pathways is yet to be

vated endogenous MulRF-5 to the
IFNA4 VRE was also seen upon acti-
vation of TLR7 by the poly(U) ligand
in RAW264.7 cells (supplemental
Fig. 3C). Additional experiments are
required to determine whether
IRF-5, like IRF-7, is ubiquitinated
and interacts with IRAK1 and IKK«
| and whether IRF-5 phosphorylated

IRF-5 KO

by either of these kinases is tran-
scriptionally active.

The in vivo data presented in this
study also confirms the role of IRE-5
in the antiviral and inflammatory
response to NDV infection. It was
shown that in vivo NDV stimulates
the type I IFN response via the
RIG-I pathway (47); however, NDV
infection of IPS-1~"" mice, in which
the RIG-I pathway is abrogated,
demonstrated that IFN production,
although significantly decreased,
was not completely eliminated (62).
Similarly, the serum levels of type I
IFN and TNFa were significantly
lower in Irf5~”~ mice infected with
NDYV than in the WT mice, but I[FN
synthesis was not completely
blocked (Fig. 6). These two observa-
tions indicate that the NDV-in-
duced IFN response in vivo is mediated by two independent
signaling pathways, a result that is in agreement with previous
reports (62). Because pDC are the major source of the circulat-
ing type I IEN, our data indicate that IRF-5 may play some role
in the NDV-stimulated production of IFN in pDC. It was
recently shown that systemic NDV infection stimulates expres-
sion of several I[FNA genes in pDC and to lesser extend in cDC
and macrophages (62). Our data also indicate that IFN produc-
tion is decreased in NDV-infected Irf5 /"~ splenocytes as well as
in splenic CD11c¢*DC (which contain both ¢DC and pDC) in
response to TLRY but not to TLR4 or TLR3 activation. In con-
trast there was no effect on IFN production in response to NDV
infection in Irf5~/~ peritoneal macrophages or to TLR stimu-
lation of BMDM. Macrophages were shown to utilize the RIG-I
pathway in response to a systemic NDV infection (62). Thus our
data expand these observations and show that in the antiviral
response to a systemic NDV infection, IRF-5 plays a critical role
in the TLR pathway in ¢cDC and pDC and not in the RIG-I
pathway in macrophages. The inhibition of IFN« synthesis in
IPS-1""" mice was most significant in the early times post-
infection, and therefore it was suggested that the antiviral
response to NDV in ¢cDC and macrophages precedes the pDC
response (62). Thus the activation of IRF-5 may contribute to
the overall duration of the antiviral response. Experiments are
under way to examine this possibility.

Taniguchi and co-workers (32) had previously examined
IFN« production in pDCs from Irf5~”~ mice stimulated with
CpG-A oligonucleotides and have observed no difference.

IPS1

Type | IFN
inflammatory

cytokines
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Based on these observations, they concluded that there was no
role for IRF-5 in IFN production. However, our findings that
IFNa is reduced in CD11c™ DC following CpG-B stimulation
(Fig. 6F) highlight the importance of IRF-5 in TLR9 signaling
and IFN production in other cell types. Although our CD11c™
population contains both mDC and pDCs, pDCs do not induce
IEN in response to CpG-B oligonucleotides (63). MDCs have
been shown to induce IFNS in response to CpG B-class oligo-
nucleotides (64). Therefore, in our culture conditions, only the
mDCs induced IFN in response to the B-class CpG. Interest-
ing and somewhat unexpected is the finding of the role of IRF-5
in TLR3- and TLR4-mediated activation of TNFA and IL-6
expression, because neither TLR3 nor TLR4 pathway activates
IRE-5. Further studies need to clarify the mechanism by which
inactive IRF-5 contributes to the expression of the inflamma-
tory cytokines.

While this study was being completed it was reported that
the Irf5~”~ mice are highly susceptible to viral infection (33).
Yanai et al. (33) demonstrate that Irf5 7~ mice infected with
VSV or HSV-1 exhibited higher mortality and produced lower
levels of IFN«/ than wild type controls. These results concur
with our observations and clearly indicate that IRF-5 has a cen-
tral role in the antiviral response in vivo.

In summary, this study clarifies the role of IRF-5 in the type I
IEN response with regard to virus and MyD88 activation
through analysis of the functional properties of MulRF-5 in
vitro and in vivo. Surprisingly, despite the sequence similarities
between the human and mouse IRF-5 gene, MulRF-5 is
expressed as a single dominant transcript, which is in contrast
to the multiple splice variants described for HUIRF-5. We show
the ability of both MyD88 and TBKI1 to activate MulRF-5 to
form homodimers, bind to the IFNA4 and IFNB promoters in
cells, and stimulate their transcriptional activity. We also show
that NDV infection and the RIG-I pathway are weaker activa-
tors of IRF-5 than TLR7/9-activated MyD88 pathway. We dem-
onstrate that the antiviral and inflammatory response to NDV
infection in vivo is impaired in Irf5~"~ mice and show in ex vivo
experiments that down-regulation of IFNa and TNFa synthesis
is highly cell type- and inducer-specific. These data indicate
that IRF-5 has a key role in the TLR but not in the RIG-I medi-
ated antiviral and inflammatory response, a proposed model
that we present in Fig. 7. Clearly the role of IRF-5 in the innate
immune response warrants further investigation, as its deregu-
lation may play a broad role in modulation of the immune
response and autoimmunity (28, 42). Thus regulation of IRF-5
levels and its function may provide a potential therapeutic tar-
get for inflammatory disease as well as viral infection.
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