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I�B kinase � (IKK-�) has an essential role as a regulator of innate immunity, functioning downstream of pattern recogni-
tion receptors to modulate NF-�B and interferon (IFN) signaling. In the present study, we investigated IKK-� activation
following T cell receptor (TCR)/CD28 stimulation of primary CD4� T cells and its role in the stimulation of a type I IFN
response. IKK-� was activated following TCR/CD28 stimulation of primary CD4� T cells; however, in T cells treated with
poly(I·C), TCR/CD28 costimulation blocked induction of IFN-� transcription. We demonstrated that IKK-� phosphory-
lated the transcription factor IFN regulatory factor 1 (IRF-1) at amino acid (aa) 215/219/221 in primary CD4� T cells and
blocked its transcriptional activity. At the mechanistic level, IRF-1 phosphorylation impaired the physical interaction be-
tween IRF-1 and the NF-�B RelA subunit and interfered with PCAF-mediated acetylation of NF-�B RelA. These results
demonstrate that TCR/CD28 stimulation of primary T cells stimulates IKK-� activation, which in turn contributes to sup-
pression of IFN-� production.

The interferon (IFN) regulatory factor (IRF) family of tran-
scription factors includes key regulators of type I IFN expres-

sion that are also involved in several immunological and growth-
related cellular functions (1, 2). IRF-1, the first member of the IRF
family to be identified, was considered initially to be a positive
regulator of the IFN-� gene but was subsequently shown to not be
essential for IFN-� gene induction, based on studies in IRF-1�/�

cells (1, 2). IRF-1 stimulates other cellular target genes as well as
the viral HIV-1 promoter long terminal repeat (LTR) (5–10) and
exerts predominantly antiproliferative and antitumor activities
(2, 11) as well as immune-modulatory functions (12–14).

The IFN-� promoter-enhancer is a 60-bp DNA element com-
posed of four positive regulatory domains (PRDI to PRDIV) that
bind IRF-3/7 (PRDI and PRDIII), NF-�B (PRDII), and ATF-2/c-
Jun (PRDIV) transcription factors; additionally, the high-mobil-
ity-group protein HMG I(Y) binds to the minor DNA groove;
these transcription factors all together form a transcriptionally
active structure known as the enhanceosome (15). The acetylation
of a nucleosome that blocks the formation of the preinitiation
complex by the PCAF histone acetyltransferase (HAT) is also re-
quired for full gene activation (16, 17); PCAF is subsequently re-
moved from the promoter and replaced by another HAT, CBP
(17). The RelA subunit of NF-�B also undergoes reversible acety-
lation by HATs at multiple sites, which differentially affects its
transcriptional activity (4, 18–20), where acetylation of Lys310
determines full transcriptional activity of RelA (19).

IRF-3 and IRF-7 are crucial players in the induction of the
IFN-� gene following virus infection (21, 22), and the tran-
scriptional activity is controlled through COOH-terminal
phosphorylation at different serine/threonine clusters (33, 37),
mediated by the I�B-related kinases TANK-binding kinase 1
(TBK-1) and I�B kinase ε (IKK-ε) (24, 25), following virus
infection or Toll-like receptor triggering. These kinases were
originally characterized as activators of NF-�B but have also
been implicated in malignant transformation and inflamma-

tion (26). Toll-like receptor-independent mechanisms also ac-
tivate TBK-1 and IKK-ε, and a bioinformatics analysis recently
identified many potential substrates of these kinases (27). The
mechanisms of activation of IRF-1 have not been well charac-
terized, and to date, IRF-1 activation through phosphorylation
has been poorly studied, despite evidence that IRF-1 activity
may indeed involve phosphorylation (40–42).

The IKK-ε kinase is predominantly expressed and active in
peripheral blood leukocytes, pancreas, thymus, and spleen (29)
and contributes to IRF as well as NF-�B activation (3); further-
more, IKK-ε has been implicated in the stimulation of specific
NF-�B-controlled genes following T cell receptor (TCR) cross-
linking in T cells (30). In the present study, we report that
IKK-ε is activated following TCR/CD28 stimulation of primary
CD4� T cells; TCR/CD28 costimulation actively suppressed
IFN-� induction after poly(I·C) treatment. IRF-3 was not ac-
tivated in CD4� T cells following TCR/CD28 costimulation,
whereas IRF-1 was COOH-terminally phosphorylated by
IKK-ε. At the mechanistic level, IKK-ε-mediated phosphoryla-
tion of IRF-1 interfered with PCAF-mediated acetylation of
NF-�B RelA, resulting in the suppression of genes regulated by
IRF-1/RelA synergism.
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MATERIALS AND METHODS
Cell cultures and treatments. HEK 293 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Bio-Whittaker, Cambrex Bio Sci-
ence, Verviers, Belgium) supplemented with 10% fetal calf serum (FCS)
and antibiotics (growth medium). Human peripheral blood mononu-
clear cells (PBMCs) from healthy donors were isolated by Ficoll-Hypaque
gradient centrifugation, and the CD4� T cell population was purified by
negative selection using magnetic beads (Miltenyi Biotech GmbH, Ber-
gisch Gladbach, Germany). Recovered cells were �96% CD4�, as deter-
mined by fluorescence-activated cell sorter (FACS) analysis. Cells were
cultured in RPMI 1640 medium (Bio-Whittaker, Cambrex Bio Science)
containing 20% FCS and antibiotics and activated with anti-CD3 and
anti-CD28 monoclonal antibodies (MAbs) (R&D Systems, Minneapolis,
MN) and poly(I·C) (Amersham Biosciences Corp., Piscataway, NJ), as
indicated. HEK 293 cells were treated with dimethyl sulfoxide (DMSO) or
50 �M Mc 1783 or anacardic acid (28) dissolved in DMSO.

Plasmids. CMVBL, CMVBL IRF-1, and pFLAG pCDNA3.1 Zeo
IKK-ε were described previously (24, 31). pMSCV neo CMV IKK-ε 1-361
was obtained from pFLAG pCDNA3.1 Zeo IKK-ε, after subcloning using
the XhoI restriction site in the IKK-ε sequence to generate the deletion
mutant, followed by blunt ligation with the pMSCV neo vector. IFN-�–
Luc was a gift of Giridhar R. Akkaraju (Department of Biology, Texas
Christian University, Fort Worth, TX), interleukin-8 (IL-8)–Luc was a gift
of Michael Kracht (Rudolf Buchheim Institute of Pharmacology, Institute
of Biochemistry, Justus Liebig University, Giessen, Germany), and
pRL�actin was a gift of T. Matsuyama (Nagasaki University School of
Medicine, Nagasaki, Japan). CMVBLRelA was described previously (10).
The RelA 310A DNA sequence was obtained by de novo gene synthesis
(GenScript USA Inc., Piscataway, NJ) and subsequently inserted into
CMVBL through directional BamHI/HindIII subcloning.

CMVBL IRF-1 151-325 was obtained by PCR amplification from
CMVBL IRF-1 and then inserted back again into CMVBL by directional
EcoRI/XbaI subcloning. CMVBL IRF-1 2A, CMVBL IRF-1 3A, and
CMVBL IRF-1 3D were obtained from CMVBL IRF-1 by using the
QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol. The glutathione S-transferase
(GST)–IRF-1 NH2 terminus (amino acids [aa] 109 to 163) and the GST–
IRF-1 COOH terminus (aa 181 to 240) were obtained by PCR amplifica-
tion. Inserts were then digested with EcoRI-XhoI and cloned in frame into
pGEX-4T1. pGEX-4T1 IRF-1 181-240 2A and pGEX-4T1 IRF-1 181-240
3A were obtained by PCR amplification from CMVBL IRF-1 2A and
CMVBL IRF-1 3A. CMVBL IRF-1 151-325 was obtained by PCR ampli-
fication from CMVBL IRF-1 by using the following primers: IRF-1
delta150 For (5=-CCGGAATTCGTCGCCACCATGGGACTCAGCAGC
TCCACTCT-3=) and IRF-1 delta150Rev (5=-GCTCTAGACTACGGTGC
ACAGGGAATGGCCTGG-3=). CMVBL IRF-1 2A, CMVBL IRF-1 3A,
and CMVBL IRF-1 3D were obtained from CMVBL IRF-1 by using the
following oligonucleotides: 2A for (5=-CCCATGCCCTCCATCTCTGAA
GCTGCAGCAGATGAGGATGAGGAAGGG-3=) and 2A rev (5=-CCCTT
CCTCATCCTCATCTGCTGCAGCTTCAGAGATGGAGGGCATGGG-3=)
(CMVBL IRF-1 2A); 1A for (5=-GTACAACTTCCAGGTGGCACCCATG
CCCGCCATC-3=), 1A rev (5=-GATGGCGGGCATGGGTGCCACCTGG
AAGTTGTAC-3=), 2A= for (5=-CCAGGTGGCACCCATGCCCGCCATC
GCAGAAGCTACAACAG-3=), and 2A= rev (5=-CTGTTGTAGCTTCTG
CGATGGCGGGCATGGGTGCCACCTGG-3=) (CMVBL IRF-1 3A, in
two steps from CMVBL IRF-1); and 1D for (5=-GTACAACTTCCAGGT
GGATCCCATGCCCGCCATC-3=), 1D rev (5=-GATGGCGGGCATGGG
ATCCACCTGGAAGTTGTAC-3=), 2D for (5=-CCAGGTGGCACCCAT
GCCCGATATCGATGAAGCTACAACAG-3=), and 2D rev (5=-CTGTTG
TAGCTTCATCGATATCGGGCATGGGTGCCACCTGG-3=) (CMVBL
IRF-1 3D, in two steps from CMVBL IRF-1). The GST–IRF-1 NH2 termi-
nus (residues 109 to 163) and GST–IRF-1 COOH terminus (residues 181
to 240) were obtained by PCR amplification by using the following prim-
ers: IRF-1(109-163) For (5=-CCGGAATTCTACCGGATGCTTCCACC
T-3=), IRF-1(109-163) Rev (5=-TTAGCTGCTGTGGTCATCAGG-3=),

IRF-1(181-240) For (5=-CCCAGCACTGTCGCCATGTGC-3=), and IRF-
1(181-240) Rev (5=-TTAGAGCTTCATGATGTCCTG-3=). pGEX-4T1
IRF-1 181-240 2A and pGEX-4T1 IRF-1 181-240 3A were obtained by
PCR amplification from CMVBL IRF-1 2A and CMVBL IRF-1 3A by
using the following primers: IRF-1(181-240) For and IRF-1(181-240)
Rev.

Primary CD4� T cell transfection. CD4� T cells (5 � 106) were trans-
fected using nucleofection (nucleofected) with 4 �g of the pMSCV CMV
neo empty vector or with pMSCV CMV neo IKK-ε 1-361 by using the
Human T Cell Nucleofector kit according to the manufacturer’s instruc-
tions (Amaxa, Cologne, Germany). After 4 h, cells were stimulated with
anti-CD3/CD28 for 30 min, and whole-cell extracts (WCEs) were ob-
tained and used for in vitro kinase assays and to perform immunoblotting
using anti-IKK-ε and antiactin antibodies (Abs) as a control for IKK-ε
1-361 expression.

Transient-transfection and reporter gene assays. Transfection ex-
periments were performed by using JetPei reagent (Polyplus Transfection
SA, Illkirch, France) according to the manufacturer’s instructions.
Amounts of transfected DNA were normalized by using empty vectors.
Reagents from Promega Corp. (Madison, WI) were used to assay extracts
for dual-luciferase activity in a Lumat LB9501 luminometer (E&G
Berthold, Bad Wildbad, Germany).

Coimmunoprecipitation and immunoblot analysis. WCEs (300 �g)
from HEK 293 cells, prepared as described previously (32), were incu-
bated overnight with 1 �g of polyclonal anti-IRF-1 antibody. Cell extracts
were then incubated with Ultralink immobilized protein A/G-Sepharose
(Pierce Biotechnology, Rockford, IL) for 2 h at room temperature (25°C).
After extensive washing, immunoprecipitates were eluted by boiling the
beads for 5 min in 2� sodium dodecyl sulfate (SDS) sample buffer. Eluted
proteins were separated by SDS–10% polyacrylamide gel electrophoresis
(PAGE) and subjected to immunoblotting analysis. Immunoblotting
analysis on CD4� T cells was performed by using extracts derived from
each donor, and blots from a representative donor from each experiment
are shown. Aliquots of whole-cell extracts, prepared as previously de-
scribed (32) were separated by SDS–10% PAGE and transferred onto a
nitrocellulose membrane (Amersham Pharmacia Biotech, United King-
dom). Nitrocellulose blots were probed with polyclonal antibodies against
IRF-1, IRF-3, IKK-ε, and actin (Santa Cruz Biotechnology Inc., Santa
Cruz, CA); acetyl-NF-�B p65 (RelA) Lys310 and IRF-3 Ser396 (Cell Sig-
naling Technology, Beverly, MA); and IKK-ε Ser172 (Merck Millipore,
Darmstadt, Germany) and with monoclonal Abs against IRF-1, IRF-7,
and IRF-5 (Santa Cruz Biotechnology Inc., Santa Cruz, CA) and then with
anti-rabbit, -goat, or -mouse horseradish peroxidase-coupled secondary
antibody (1:2,000 dilution) (Calbiochem, EMD Biosciences Inc., Merck
KGaA, Darmstadt, Germany). Immunoprecipitated proteins were probed
with a polyclonal Ab against RelA (sc-109) and a monoclonal Ab against
IRF-1 (sc-74530), from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Input extracts were blotted with polyclonal antibodies against IRF-1 (sc-
497), RelA (sc-109), PCAF (sc-8999), and actin (sc-1616). Detection was
performed by using ECL Western blotting reagents (Amersham Pharma-
cia Biotech).

SeV infection. A total of 6 � 106 CD4� T cells were infected with 2,000
hemagglutinating units (HAU) of Sendai virus (SeV) for 18 h in complete
growth medium containing 20% fetal bovine serum.

DNA affinity binding assay. For DNA affinity binding assays, a bio-
tinylated oligonucleotide corresponding to the PRDIII/I region of the
IFN-� promoter (sequence, 5=-GAAAACTGAAAGGGAGAAGTGAAAG
T-3=) was synthesized (Eurofins MWG/Operon, Ebersberg, Germany).
DNA affinity binding assays were performed by annealing the sense
and the antisense oligonucleotides in 1� sodium chloride-Tris-EDTA
(STE) buffer, containing 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, and
2 mM EDTA. Thirty picomoles of biotinylated DNA was mixed with
200 �g of WCE in 200 ml of binding buffer containing 20 mM Tris-
HCl (pH 7.5), 75 mM KCl, 1 mM dithiothreitol (DTT), and 5 mg/ml
BSA in the presence of 10% glycerol and 6 �g of poly(dI·dC) and
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incubated for 25 min at room temperature. The complexes were pulled
down with magnetic beads (Streptavidin MagneSphere; Promega) for
30 min at 4°C and for 10 min at room temperature by mixing with
rotation. The collected beads were washed, and bound material was
eluted by boiling in sample buffer. Eluted material was separated onto
10% SDS-PAGE gels, followed by immunoblotting with anti-PCAF
(sc-8999), anti-IRF-3 (sc-9082), anti-IRF-1 (sc-74530), and antiactin
(sc-1616), from Santa Cruz Biotechnology.

Quantitative real-time reverse transcription-PCR. Total cellular
RNA was isolated from 2 � 106 cells by using the RNeasy total RNA
extraction kit (Qiagen). RNA was treated with RNase-free DNase (Qia-
gen), and first-strand cDNA was synthesized with Superscript II (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s instructions. Real-
time PCR was performed by using an ABI 7000 sequence detection system
(PE Applied Biosystems, Warrington, United Kingdom) and SYBR green
PCR master mix (Applied Biosystems). The optimization of the real-time
PCR was performed according to the manufacturer’s instructions but
scaled down to 25 �l per reaction mixture. The relative quantification of
mRNA expression was analyzed by using 

CT methods (means � stan-
dard deviations). Primers used for quantitative real-time reverse tran-
scription-PCR (qRT-PCR) were IFN-� forward primer 5=-GCAGCAGT
TCCAGAAGGAG-3= and reverse primer 5=-GCCAGGAGGTTCTCAAC
AAT-3=. The transcript levels were normalized against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (forward, 5=-GGGTGTGAACCAT
GAGAAG-3=; reverse, 5=-GCTAAGCAGTTGGTGGTGC-3=).

In vitro kinase assay. A total of 0.5 �g of WCE was added to kinase
buffer (10 mM HEPES [pH 7.4], 5 mM MgCl2, 50 �M orthovanadate, 10
mM beta-glycerophosphate, 1 mM DTT, 50 mM NaCl, 10 mM p-nitro-
phenylphosphate [PNPP]). An in vitro kinase assay was performed by
adding the GST-purified GST–IRF-1 109-163, 181-240, 181-240 2A, 181-
240 3A, or GST–IRF-3 380-427 or 380-427 7A substrate (1 �g), 10 �M
cold ATP, and 10 �Ci of [�-32P]ATP in kinase buffer. The kinase reaction
was performed at 30°C for 30 min and stopped by the addition of SDS
sample buffer. Samples were analyzed by 10% SDS-PAGE followed by
Coomassie staining. The dried gels were exposed to film at �70°C for 5 h.
Preparation of baculovirus-expressed, IKK-ε-purified kinase was per-
formed as previously described (33).

Statistical analysis. Significant differences between experimental
points measured by qRT-PCR and luciferase assays were assessed by using
the Student-Neuman-Keuls posttest following significant (P  0.05, P 
0.01, and P  0.001) repeated-measures analysis of variance (ANOVA).

RESULTS
Anti-CD3/CD28 treatment of primary CD4� T cells induces
IKK-� activation and correlates with IRF-1 posttranslational
modification. We set out to determine whether T cell receptor
(TCR) stimulation activated IKK-ε in primary T lymphocytes. To
investigate the role of IKK-ε upon T cell receptor stimulation (30),
primary CD4� T cells were treated with anti-CD3/CD28, and
IKK-ε activation was monitored by using antibodies that specifi-
cally detect IKK-ε and its activated Ser172 form (34). We chose to
stimulate cells with anti-CD3 and anti-CD28 to strengthen the
activation signal mediated by the TCR (anti-CD3), a stimulation
that mimics the physiological encounter between a CD4� T cell
and an antigen-presenting cell. As shown in Fig. 1A, CD4� T cells
expressed IKK-ε constitutively, and the activated form of the ki-
nase appeared beginning at 15 min after treatment (Fig. 1, lanes 2
to 5). This IKK-ε activation, however, did not result in IFN-�
synthesis (Fig. 1B, lane 3), whereas IFN-� mRNA was induced in
poly(I·C)-stimulated cells (Fig. 1B, lane 2) and in Sendai virus
(SeV)-infected cells (data not shown). Interestingly, TCR/CD28
activation was sufficient to block activation of IFN-� by poly(I·C)-
stimulated (Fig. 1B, lanes 6 and 8) and SeV-infected (data not
shown) cells. Using the phosphospecific Ser396 antibody to detect

IRF-3 activation, different patterns of Ser396 phosphorylation
were observed in T cells treated with poly(I·C) and/or anti-CD3/
CD28: poly(I·C) treatment stimulated phosphorylation of form I
IRF-3, while anti-CD3/CD28 induced phosphorylation of the
slower-migrating isoform (form II) (Fig. 1C, lanes 2 and 3, respec-
tively). Both IRF-3 isoforms were instead phosphorylated in T
cells treated with poly(I·C) and stimulated with anti-CD3/CD28
(Fig. 1C, lane 4).

IRF-7 was not expressed in nonstimulated or poly(I·C)-treated
cells (Fig. 1C). Further evaluation revealed a constitutive level of
IRF-1 in untreated cells (Fig. 1D, lane 1), and following anti-CD3/
CD28 treatment of T cells, slower-migrating form II of IRF-1 was
detected at 30 min and increased until 3 h (Fig. 1D, lanes 2 to 5);
compared to form I in untreated cells, the percentage of form II
versus total IRF-1 (form I plus form II) increased �20-fold (Fig.
1D). These results indicate that stimulation of CD4� T cells by
anti-CD3/CD28 resulted in IKK-ε activation and correlated with a
modification of IRF-1 mobility. Because IRF-3 phosphorylation
may involve both isoform-specific positive and negative regula-
tion of IFN gene expression (35), we focused on the novel obser-
vation of IRF-1 phosphorylation by IKK-ε.

A COOH-terminal phosphorylation cluster present in IRF-1
is the target of IKK-� phosphorylation. Next, to determine if
IRF-1 posttranslational modification was due to IKK-ε kinase-
mediated phosphorylation, we initially used the NetPhos 2.0
server (36) to scan the IRF-1 amino acid sequence, and we iden-
tified two putative phosphorylation clusters in the protein, span-
ning amino acids (aa) 125 to 150 (an NH2-terminal cluster) and aa
212 to 225 (a COOH-terminal cluster) (Fig. 2A), that resembled
the IKK-ε consensus sequence NH2-ENRFHS418LPFSLTK-C
OOH, identified in the tumor suppressor CYLD (27), and the se-
quence NH2-SXSXXXS-COOH, present in IRF-3 and IRF-7 (37).
In particular, the COOH-terminal cluster of IRF-1 bears a motif,

215SXXXSXS221, with the same orientation as the 418SXXXSXT424

motif in human CYLD (Fig. 2A) and is closely related to the SXS
XXXS motif present in IRF-3 and IRF-7. Two threonine residues, at
positions 224 and 225, of IRF-1 that may function as a potential reg-
ulatory site in the cluster were also identified (Fig. 2A).

To assess if the putative COOH-terminal IRF-1 motif was a
target of phosphorylation after anti-CD3/CD28 treatment, an in
vitro kinase assay was performed in primary CD4� T cells, com-
paring the NH2-terminal (GST–IRF-1 aa 109 to 163) and COOH-
terminal (GST–IRF-1 aa 181 to 240) fragments as substrates. In-
ducible phosphorylation of the GST-IRF-1 fragment at aa 181 to
240 was detected, whereas no inducible phosphorylation was de-
tected with the NH2-terminal fragment (Fig. 2B). Additionally,
wild-type (wt) IRF-1 or the COOH-terminal portion of IRF-1
(IRF-1 aa 181 to 240), together with IKK-ε, was coexpressed in
HEK 293 cells; IKK-ε expression resulted in a modest shift in
migration of wt IRF-1 and a significant shift in migration of
IRF-1 aa 151 to 325 (Fig. 3A). IKK-ε-mediated phosphoryla-
tion of IRF-1 was further confirmed by in vitro kinase assays
using GST–IRF-1 aa 109 to 163, GST–IRF-1 aa 181 to 240, and
WCEs derived from IKK-ε-expressing cells. A clear increase in
phosphorylation of the COOH-terminal GST–IRF-1 fragment
at aa 181 to 240 but not the NH2-terminal GST–IRF-1 fragment
at aa 109 to 163 was detected (Fig. 3B). Taken together, these
data provide evidence that IRF-1 is a target of IKK-ε kinase and
becomes COOH-terminally phosphorylated when coexpressed
with IKK-ε.

Sgarbanti et al.

1056 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


To validate the targeting of the phosphoacceptor site present in
the COOH-terminal cluster of IRF-1 by IKK-ε, an in vitro kinase
assay was performed by using the GST–wt IRF-1 fragment at aa
181 to 240 and point-mutated substrates termed IRF-1 181-240
2A and IRF-1 181-240 3A, containing Thr224/225Ala and Ser215/
219/221Ala substitutions, respectively (Fig. 4A, right), together
with extracts from IKK-ε-expressing HEK 293 cells or recombi-
nant purified IKK-ε kinase. A 10-fold increase in IRF-1 COOH-
terminal phosphorylation was obtained with IKK-ε-expressing
cellular extracts (Fig. 4A, lanes 1 and 2); no significant change in

phosphorylation was observed when the Thr224/225Ala muta-
tions (IRF-1 181-240 2A) were introduced (Fig. 4A, lanes 3 and 4),
whereas a dramatic decrease in phosphorylation was observed
with the Ser 215/219/221Ala mutations (IRF-1 181-240 3A) (Fig.
4A, lanes 5 and 6). These results were further supported by in vitro
kinase assays using the IRF-1 substrates and purified recombinant
IKK-ε kinase; phosphorylation of wt IRF-1 but not mutated IRF-1
fragments was observed (Fig. 4B, lanes 1 and 2); however, in con-
trast to the results with IKK-ε cell extracts, IRF-1 181-240 2A was
not phosphorylated by purified IKK-ε kinase (Fig. 4B, lane 3). As

FIG 1 Anti-CD3/CD28 treatment of primary CD4� T cells results in IKK-ε activation, which correlates with IRF-1 posttranslational modification. (A) A total
of 2 � 106 CD4� T cells were left untreated or treated for 15 min, 30 min, 1 h, and 3 h with 2 �g/ml of anti-CD3/CD28, and 50 �g of WCEs was subjected to
immunoblotting using specific Abs recognizing activated IKK-ε (Ser172), IKK-ε, and actin, as indicated. (B) CD4� T cells (2 � 106) were prestimulated with 2
�g/ml of anti-CD3/CD28 for 3 h and then treated with 100 �g/ml of poly(I·C) for the indicated times. Total RNA was extracted and retrotranscribed, and IFN-�
RNA expression was analyzed by qRT-PCR. Expression levels were normalized to GAPDH and unstimulated samples (means � standard deviations from three
separate experiments are shown [���, P  0.001; P � 0.00024]). (C) CD4� T cells (4 � 106) were stimulated as described above for panel B, and 100 �g of WCEs
was subjected to immunoblotting using specific Abs recognizing IRF-3 Ser396, IRF-3, IRF-7, and actin. IRF-3 isoforms I and II are indicated. (D) CD4� T cells
(10 � 106) were stimulated for 30 min, 1 h, and 3 h with 2 �g/ml of anti-CD3/CD28, and 50 �g of WCEs was subjected to immunoblotting using specific Abs
recognizing IRF-1 (monoclonal) and actin. IRF-1 isoforms I and II are indicated.
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a positive control, the GST–wt IRF-3 380-427 substrate, but not
the GST–IRF-3 7A substrate, was also phosphorylated by purified
IKK-ε (Fig. 4B, lanes 4 and 5).

The IRF-1 phosphorylation cluster is the target of IKK-� in
primary CD4� T cells. To determine if the COOH-terminal
residues of IRF-1 were phosphorylated in vivo upon TCR/
CD28-mediated stimulation of primary T cells, a kinase assay
using WCEs together with wt IRF-1 and mutated substrates was
performed (Fig. 5A). A 40 to 50% increase in IRF-1 COOH-
terminal phosphorylation was observed with the wt IRF-1 sub-
strate at all time points (Fig. 5A, lanes 1 to 4), compared to
unstimulated cells. With the 2A mutant substrate, no signifi-
cant difference in phosphorylation was detected (Fig. 5A, lanes
6 to 8), whereas with the 3A mutant, a 70 to 80% decrease in
phosphorylation signal was detected (Fig. 5A, lanes 10 to 12),
arguing that the Ser215/219/221 cluster is important for IKK-
ε-mediated regulation of activity. To demonstrate that IRF-1
phosphorylation was indeed dependent on IKK-ε activation, a
kinase assay was performed by using extracts from primary
CD4� T cells nucleofected with a control vector or with a vec-
tor expressing a dominant negative form of IKK-ε, IKK-ε
1-361, and stimulated for 30 min with anti-CD3/CD28 (Fig. 5B).

A �50% decrease in COOH-terminal phosphorylation was ob-
tained in the presence of IKK-ε 1-361. Specific expression of
the IKK-ε dominant negative form upon nucleofection is
shown in Fig. 5B (bottom).

IRF-1 but not a phosphomimetic of IRF-1 (3D) interacts with
RelA at Lys310 in a PCAF-dependent manner. IRF-1 has been
shown to associate with the NF-�B subunit RelA in tumor necro-
sis factor alpha (TNF-�)-stimulated T cells, resulting in enhanced
transcriptional activation of the HIV-1 LTR enhancer (10). To
determine if IRF-1 phosphorylation impaired the IRF-1 interac-
tion with RelA and hampered IRF-1/RelA synergism, we coimmu-
noprecipitated IRF-1 from HEK 293 extracts expressing RelA and
either wt IRF-1 or mutated forms of the protein (IRF-1 3D and 3A,
where Ser215, Ser219, and Ser221 were modified to the phospho-
mimetic residue aspartic acid [D] and the inert residue alanine
[A], respectively), followed by immunoblotting with a specific
RelA antibody (Fig. 6A). RelA was detected by immunoprecipita-
tion when coexpressed with wt IRF-1 or with IRF-1 3A, but not
with IRF-1 3D, with a 70% decrease (Fig. 6A, lanes 6 to 8). No RelA
was coimmunoprecipitated in the absence of IRF-1 (Fig. 6A, lane
2). This result indicates that IRF-1, once phosphorylated, is no
longer able to interact with RelA.

FIG 2 Activation of primary CD4� T cells by anti-CD3/CD28 stimulates IRF-1 phosphorylation. (A) Comparison of IKK-ε consensus sequences of IRF-3,
IRF-7, and CYLD and the putative IKK-ε consensus sequence present at the COOH terminus of IRF-1. (B) CD4� T cells (2 � 106) were stimulated with 2 �g/ml
of anti-CD3/CD28 for 15 min and 30 min or left untreated. WCEs (0.5 �g) were utilized to perform in vitro kinase assays (KA) using recombinant GST–IRF-1
fusion proteins containing fragments of the NH2-terminal (GST–IRF-1 109-163) (form I) and of the COOH-terminal (GST–IRF-1 181-240) (form II) phos-
phorylation clusters as substrates. Coomassie staining is also shown.
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Since IRF-1 physically interacts with PCAF and CBP/p300
HATs (23) and facilitates CBP/p300-mediated coactivation of
IFN-� (38) as well as of other promoters (39), we next sought to
determine if the failure of IRF-1 3D to interact with RelA also
affected RelA acetylation. Using a RelA K310-specific antibody,
IRF-1 but not IRF-1 3D coexpression resulted in a substantial
increase in RelA-specific acetylation at Lys310 (Fig. 6B, lanes 5 and
6). Moreover, when specific inhibitors of CBP/p300 or both PCAF
and CBP/p300 HATs (Mc 1783 and anacardic acid, respectively)
were used (28), RelA acetylation was completely abolished by the
PCAF-CBP/p300 inhibitor anacardic acid (Fig. 6C, lane 12) but
not by the specific CBP/p300 inhibitor Mc 1783 (Fig. 6C, lane 8),
indicating that PCAF but not CBP/p300 was involved in IRF-1-
induced RelA acetylation.

RelA acetylation at Lys310 is essential for IRF-1/RelA syner-
gism. To determine the impact of RelA K310 acetylation on the
expression of IRF-1-bound promoters, a RelA K310A expres-
sion construct was generated and used in luciferase assays with
IFN-� and IL-8 promoter reporter constructs in various com-
binations with RelA, wt IRF-1, and IRF-1 3D. A synergistic
effect was observed for both promoters when both wt IRF-1
and RelA proteins were expressed (Fig. 7A and B, lane 6),
whereas synergism was abrogated when RelA K310A or IRF-1
3D was expressed in combination with the reciprocal wt pro-
tein (Fig. 7A and B, lanes 7 and 8). Furthermore, complete
inhibition of promoter activity was obtained in the presence of
both mutated activators (Fig. 7A and B, lane 9). A similar re-
quirement for synergism was observed when the IFN-� pro-
moter was stimulated by Sendai virus infection (Fig. 7C): acti-

vation was increased �150-fold when RelA was coexpressed,
whereas expression of RelA K310A decreased promoter activity
to baseline levels.

Phosphorylated IRF-1 impairs RelA acetylation in anti-CD3/
CD28-treated primary CD4� T cells. To confirm these data in the
context of primary CD4� T cells, we assessed RelA acetylation in T
cells pretreated with anti-CD3/CD28 and then treated with
poly(I·C), as shown in Fig. 1B. Cell extracts were immunoprecipi-
tated with anti-RelA and immunoblotted with a RelA K310-spe-
cific antibody. As shown in Fig. 8A, RelA-specific acetylation was
observed in poly(I·C)-treated cells, whereas acetylation was inhib-
ited in anti-CD3/CD28-pretreated T cells. These results were mir-
rored by pulldown assays performed on the same cell extracts
incubated with an oligonucleotide corresponding to the PRDIII/I
region of the IFN-� promoter (Fig. 8B). The isolated complexes
were then detected by immunoblotting against IRF-1, IRF-3, and
PCAF. As shown in Fig. 8B, in poly(I·C)-treated cells, when IRF-1
is only partially phosphorylated (Fig. 8B, lane 2), IRF-3 binds
DNA together with PCAF (Fig. 8B, lane 6), while in anti-CD3/
CD28-stimulated and poly(I·C)-treated cells, when IRF-1 is fully
phosphorylated (Fig. 8B, lane 4), PCAF does not bind despite
IRF-3 binding (Fig. 8B, lane 8). Overall, these results indicate that
in TCR-stimulated CD4� T cells, phosphorylated IRF-1 inhibits
PCAF-mediated RelA acetylation, thus contributing to the sup-
pression of IFN-� transcription.

DISCUSSION

IKK-ε was originally identified as being crucial for NF-�B-driven
gene activation upon T cell receptor stimulation with anti-CD3

FIG 3 IKK-ε induces IRF-1 COOH-terminal phosphorylation. (A) HEK 293 cells were transiently cotransfected with 1 �g of vectors expressing wt IRF-1 or
IRF-1 151-325 and IKK-ε. WCEs (50 �g) were used to perform immunoblotting using anti-IRF-1, anti-IKK-ε, and antiactin. A schematic representation of
expressed proteins, wt IRF-1 (aa 1 to 325) and IRF-1 
150 (aa 151 to 325), is also shown. (B) A WCE (0.5 �g) in vitro kinase assay (KA) was performed by using
purified GST–IRF-1 181-240 and GST–IRF-1 109-163 recombinant fusion proteins as substrates upon HEK 293 cell transfection with 1 �g of the IKK-ε
expression vector. Coomassie staining of the recombinant proteins is also shown. CMV, cytomegalovirus.
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(30) but, together with the other noncanonical I�B kinase ho-
molog TANK-binding kinase 1 (TBK1), was shown to stimulate
IFN-� production through the phosphorylation and subsequent
activation of IRF-3 and IRF-7 transcription factors (24, 25). Here
we demonstrate that IKK-ε is also activated within minutes by
TCR/CD28-mediated activation of T cells (Fig. 1), although TCR/
CD28 stimulation did not induce IFN-� production. We present,
for the first time, evidence that IKK-ε phosphorylates transcrip-
tion factor IRF-1 at aa 215, 219, and 221, consistent with previous
studies suggesting that IRF-1 regulation may indeed involve post-
translational modification (40–42). We identified a 5=-SXXXSXS-3=
motif (aa 215 to 221) in the C-terminal half of IRF-1, a sequence
that resembles the IKK-ε target sequence in the tumor suppressor
CYLD (SXXXSXT), with the exception of a different phosphoac-
ceptor amino acid at position 424 (27). Mutation of Ser215,
Ser219, and Ser221 affected the ability of a purified IKK-ε kinase
to phosphorylate IRF-1 in an in vitro kinase assay and IRF-1 phos-
phorylation in kinase assays performed with extracts from stimu-
lated CD4� T cells. In close proximity to the SXXXSXS motif, two
threonine residues in the IRF-1 sequence (aa 224 and aa 225) were
identified, which behaved as regulatory sites, since their mutation
profoundly affected the ability of purified IKK-ε kinase to phos-
phorylate IRF-1 in in vitro kinase assays. Instead, a modest effect
on phosphorylation was observed upon mutation of Thr224 and
Thr225 using extracts from cells overexpressing IKK-ε and in

stimulated CD4� T cells, suggesting that additional regulatory
proteins bound to IKK-ε may compensate for the lack of phos-
phorylation at Thr224 and Thr225.

This result is reminiscent of IKK-ε phosphorylation of Ser36
and Ser32 of I�B-�: in vitro, Ser32 and Ser36 were phosphory-
lated, whereas in vivo, only Ser36 was phosphorylated (29). The
observation that IKK-ε phosphorylates IRF-1 was further con-
firmed by the use of a dominant negative IKK-ε construct that
reduced anti-CD3/CD28-mediated IRF-1 phosphorylation in pri-
mary CD4� T cells.

The posttranslational modification of IRF-1, mediated by
IKK-ε, completely blocked its transcriptional activity. Using a
phosphomimetic mutant version of IRF-1 (IRF-1 3D), we dem-
onstrated that in contrast to wild-type IRF-1, IRF-1 3D failed to
physically interact with the NF-�B RelA subunit (Fig. 6A). Asso-
ciation of IRF-1 and NF-�B leading to the synergistic activation of
several cellular genes has been extensively reported (5–8). In this
respect, we demonstrated that in TNF-�-stimulated T cells, IRF-1
physically associates with RelA, resulting in a greater transcrip-
tional activation of the HIV-1 LTR enhancer (10). RelA undergoes
reversible acetylation at multiple sites after induction with several
stimuli, a modification that differentially affects its transcriptional
activity (4, 18–20). Specifically, acetylation of Lys310 determines
full transcriptional activity of RelA (19). Interestingly, in the pres-
ence of wt IRF-1, RelA was also acetylated on Lys310, whereas

FIG 4 IRF-1 COOH-terminal phosphoacceptor sites are targets of IKK-ε. (A) WCEs (0.5 �g) from HEK 293 cells overexpressing IKK-ε were used in in vitro
kinase assays (KA) using wt IRF-1 and mutant substrates (GST–IRF-1 181-240 2A and 3A). A schematic representation of IRF-1 substrates is shown on the right
side. (B) An in vitro kinase assay was performed by using a His-tagged recombinant IKK-ε kinase using wt IRF-1 and IRF-3 and mutated substrates (GST–IRF-1
181-240 2A and 3A and GST–IRF-3 380-427 7A).
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with the phosphomimetic IRF-1 3D, RelA acetylation was blocked
(Fig. 6B). Using inhibitors specific for CBP/p300 (Mc 1783) or
for both CBP/p300 and PCAF (anacardic acid), we observed
that acetylation at Lys310 was mediated by the histone acetyl-
transferase (HAT) activity of PCAF but not of CBP/p300 (Fig.
6C). This result is consistent with previous reports demon-
strating that IRF-1 interacts with different HATs, including
CBP, p300, and PCAF (23), and that PCAF participates in the
assembly of the IFN-� enhanceosome prior to the recruitment

of CBP (17). Thus, IRF-1 may bridge PCAF and RelA to permit
acetylation of RelA. We further established a role for RelA acet-
ylation at Lys310 in RelA/IRF-1 synergism through the use of a
RelA K310A mutant that cannot be acetylated at Lys310. The
synergistic activation of IFN-� and IL-8 promoters was inhib-
ited by the expression of either IRF-1 3D or RelA 310A mutants
and was completely abolished when the two mutants were co-
expressed (Fig. 7A and B). RelA acetylation at Lys310 deter-
mines the recruitment of the cellular elongation factor PTEF-b

FIG 5 Anti-CD3/CD28-mediated phosphorylation of IRF-1 involves Ser215, Ser219, and Ser221 and depends on IKK-ε. (A) CD4� T cells (2 � 106) were
stimulated with 2 �g/ml of anti-CD3/CD28 for 15 min, 30 min, and 1 h or left untreated. WCEs (0.5 �g) were utilized to perform in vitro kinase assays (KA) using
recombinant GST–IRF-1 fusion proteins containing fragments of the COOH-terminal wt and mutated IRF-1 phosphorylation clusters (GST–IRF-1 181-240 wt,
2A, and 3A) as the substrates. The amount of phosphorylation signal was calculated by densitometry and is expressed as a percentage, setting the strongest signal
to 100%. (B, top) In vitro kinase assay performed with WCEs (0.5 �g) derived from CD4� T cells (2.5 � 106) stimulated with anti-CD3/CD28 (2 �g/ml) for 30
min and 4 h after nucleofection with 4 �g of an empty vector or with an expression vector for a dominant negative form of IKK-ε (IKK-ε 1-361). The amount
of the phosphorylation signal was calculated by densitometry and is expressed as a percentage, setting the strongest signal to 100%. (B, bottom) WCEs (30 �g)
were subjected to immunoblotting using specific Abs recognizing IKK-ε and actin.
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FIG 6 IRF-1 determines acetylation of RelA at lysine 310 in a PCAF-dependent manner. (A) HEK 293 cells were transiently transfected with 5 �g of the control
empty vector (e.v.) or IRF-1 wt or mutated vectors (3A and 3D), alone or in combination with the RelA expression vector. After 24 h, WCEs were prepared, and
immunoprecipitation (IP) was performed by using a polyclonal anti-IRF-1 antibody. Both inputs and immunoprecipitated proteins were revealed by immu-
noblotting using anti-RelA and monoclonal anti-IRF-1. An antiactin blot was used as an input loading control. The percentage of immunoprecipitated RelA,
measured by densitometry, is shown and was obtained by setting the largest amount of immunoprecipitated protein of the RelA band as 100% (lane 6), after
normalization to RelA content, the amount of IRF-1 immunoprecipitated, and actin levels. A schematic representation of expressed IRF-1 3D and IRF-1 3A
proteins is shown at the bottom. (B) HEK 293 cells were transiently transfected, as described above for panel A. After 24 h, WCEs were prepared, and
immunoblotting using anti-acetylated (Ac) RelA Lys310, anti-IRF-1, and anti-RelA polyclonal Abs was performed. An actin blot was used as the input loading
control. The percentage of RelA Lys310 acetylation is shown at the top and was obtained by densitometry as the percentage of RelA K310 signal intensity over the
total RelA signal intensity (RelA plus RelA K310) normalized to actin. (C) HEK 293 cells were treated for 1 h with DMSO or 50 �M of the HAT inhibitors Mc 1783
and anacardic acid in DMSO and removed prior to transfection. Pretreated HEK 293 cells were transiently transfected with 5 �g of the control vector or IRF-1
expression vector alone or together with the RelA expression vector. After 16 h, cells were treated again with DMSO or 50 �M Mc 1783 and anacardic acid and
harvested 8 h later, and WCEs were obtained. Immunoblotting using anti-acetylated RelA Lys310, anti-IRF-1, and anti-RelA was performed, while an antiactin
blot was used as the input loading control. The percentage of RelA Lys310 acetylation is shown at the top and was obtained by densitometry as described above
for panel B.
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by the binding of the bromodomain 4 (Brd4) protein to obtain
full transcriptional processivity by RNA polymerase II (Pol II)
(43, 44). We speculate that IRF-1, through its ability to pro-
mote RelA acetylation at Lys310, may facilitate both PTEF-b
recruitment and transcriptional elongation of the IFN-� and
IL-8 genes. In the physiological setting of primary CD4� T
cells, we also demonstrated that when IRF-1 is phosphorylated,
RelA is not acetylated (Fig. 8A); in pulldown assays, despite the
binding of IRF-3, PCAF is not recruited on the IRF-consensus
sequence present on the IFN-� promoter (Fig. 8B). Thus, we
conclude that in TCR-stimulated T cells, IRF-1 is phosphory-
lated and, upon poly(I·C) treatment, inhibits PCAF-mediated
RelA acetylation.

With regard to other IRFs involved in IFN activation, IRF-3
phosphorylation was observed in activated T lymphocytes, but the
phosphorylation pattern was consistent with Ser396 phosphory-
lation of different IRF-3 isoforms, including the phosphorylation
of a splicing isoform that functions as an inhibitor of IFN-� ex-

pression (35). In our CD4� T cell experiments, this IRF-3 isoform
may be inactive rather than inhibitory (Fig. 1B and C, lane 4). This
observation requires further analysis in the context of positive and
negative regulation by IRF-3. IRF-7 appeared to be dispensable for
IFN-� expression in CD4� T cells, since no IRF-7 protein was
present after poly(I·C) treatment, despite IFN-� induction (Fig.
1C). Similarly, the accumulation of another IRF factor, IRF-5 (45,
46), was not detected in unstimulated or activated/infected cells
(data not shown). In conclusion, we provide evidence that TCR
and CD28 engagement in primary T lymphocytes leads to the
activation of IKK-ε. Activated IKK-ε in turn directly phosphoryl-
ates IRF-1; phosphorylated IRF-1 then blocks PCAF-mediated
acetylation of NF-�B RelA and inhibits expression of genes syner-
gistically regulated by IRF-1/RelA, such as IFN-� and IL-8. Exper-
iments investigating in mechanistic detail the synergy between
IRF1 and RelA in the activation or repression of immunoregula-
tory and antiviral gene programs in primary T lymphocytes are
ongoing.

FIG 7 RelA acetylation at Lys310 is essential for IRF-1/RelA synergism and for virus-induced IFN-� promoter-driven expression. (A) HEK 293 cells (1 � 105)
were cotransfected with the IFN-� reporter luciferase construct (250 ng) together with a �-actin Renilla internal control vector (50 ng) and 250 ng of vectors
expressing wt IRF-1, IRF-1 3D, or the wt or mutated version of the RelA protein (RelA 310A). (B) HEK 293 cells (1 � 105) were cotransfected with 250 ng of the
IL-8 reporter luciferase construct and 250 ng of vectors expressing wt IRF-1, IRF-1 3D, RelA, and RelA 310A. (C) HEK 293 cells (1 � 105) were cotransfected with
the IFN-� reporter luciferase construct (250 ng) together with the �-actin Renilla internal control vector (50 ng) and 250 ng of vectors expressing wt RelA or RelA
310A. After 10 h, cells were left uninfected or infected with 2.5 HAU of SeV for 18 h. A dual-luciferase assay was performed 24 h after transfection. Results are
expressed as fold induction with respect to cells transfected with the empty vector (e.v.), upon normalization to the Renilla gene product activity. Means �
standard errors from three separate experiments are shown (�, P  0.05; ��, P  0.01).
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