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Background: The role of IKKS in the production of type 1 interferons by plasmacytoid dendritic cells (pDCs) is unknown.
Results: Inhibition of IKK3 and its activator TAK1 prevents the production of IFNB in pDCs, and hence the production of IFNa.
Conclusion: Toll-like receptor 7/9-stimulated production of interferons in pDCs requires the canonical IKKs and TAKI.
Significance: IKKS inhibitors may have potential for the treatment of autoimmunity.

Plasmacytoid dendritic cells (pDCs) are characterized by their
ability to produce high levels of type 1 interferons in response to
ligands that activate TLR7 and TLR9, but the signaling pathways
required for IFN production are incompletely understood. Here
we exploit the human pDC cell line Gen2.2 and improved phar-
macological inhibitors of protein kinases to address this issue.
We demonstrate that ligands that activate TLR7 and TLR9
require the TAK1-IKKp signaling pathway to induce the pro-
duction of IFNf3 via a pathway that is independent of the degra-
dation of IkBa. We also show that IKKp activity, as well as the
subsequent IFN-stimulated activation of the JAK-STAT1/2
signaling pathway, are essential for the production of IFNa by
TLR9 ligands. We further show that TLR7 ligands CL097 and
R848 fail to produce significant amounts of IFNa because the
activation of IKKp is not sustained for a sufficient length of
time. The TLR7/9-stimulated production of type 1 IFNs is
inhibited by much lower concentrations of IKKf inhibitors than
those needed to suppress the production of NFkB-dependent
proinflammatory cytokines, such as IL-6, suggesting that drugs
that inhibit IKKf may have a potential for the treatment of
forms of lupus that are driven by self-RNA and self-DNA-in-
duced activation of TLR7 and TLRY, respectively.

Plasmacytoid dendritic cells (pDCs)? are a subset of dendritic
cells characterized by their capacity to produce high levels of
type 1 IFNs in response to nucleic acids that are recognized by
Toll-like receptors 7 and 9 (TLR7 and TLR9) (1). Single-
stranded RNA of viral origin is detected by TLR7, whereas DNA
of viral origin, and perhaps unmethylated CpG-containing
sequences of bacterial origin, are detected by TLRY (2). The
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type 1 IFNs produced by pDCs play a prominent role in trigger-
ing an antiviral state and in inducing innate and adaptive
immune responses against pathogens (reviewed Ref. 3). How-
ever, pDCs are also thought to play an important role in auto-
immunity, due to the fact that TLR7 and TLR9 have the poten-
tial to trigger immune responses if they recognize immune
complexes consisting of autoantibodies bound to self-RNA and
self-DNA (4). This is thought to be of particular importance in
the pathogenesis of systemic lupus erythematosus, which pres-
ents features characteristic of deregulated type 1 interferon
production (5). Similar observations have also been made for
pDCs responding to autoantigens in inflammatory skin dis-
eases (6, 7). These findings suggest that inhibitors of TLR7 and
TLRY, and/or the signaling pathways that they activate, may
have therapeutic potential for the treatment of autoimmune
diseases.

A key molecular feature of pDCs is the basal expression of
high levels of transcription factor interferon regulatory factor 7
(IRF7), which stimulates transcription of the genes encoding
both IFN« and IFN and is believed to underlie the ability of
pDCs to secrete large amounts of type 1 IFNs compared with
other cells (8, 9). The translocation of IRF7 from the cytoplasm
to the nucleus by ligands that activate TLR7 and TLR9 drives
IFN« production, because pDCs from IRF7 /™ mice are unable
to produce IFNa (10). IRF3 is crucial for transcription of the
gene encoding IFNf, in response to ligands that activate TLR3
(double-stranded RNA) and TLR4 (lipopolysaccharide) and by
cytoplasmic RNA sensors in response to viral infection (11),
whereas IRF1 has been suggested to control IFNS production in
conventional dendritic cells (DCs) (12). However, these tran-
scription factors are not required for the production of type 1
IFNs by ligands that activate TLR7 and TLRY, because the
secretion of IFN is unimpaired in pDCs from IRF3~/~ or
IRF1~/~ mice (10).

TLR7 and TLRY are associated with the endosomal mem-
branes of pDCs. When activated by their respective ligands,
they recruit the adaptor MyD88, tumor necrosis factor recep-
tor-associated factor 6, interleukin 1 receptor-associated kinase
(IRAK1) and IRF7, as suggested by experiments in cells express-
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ing tagged versions of these proteins. Moreover, IFN« produc-
tion is impaired in pDCs from MyD88 '~ or IRAK1Y/~ mice
(13-17). In other innate immune cells, “downstream” signaling
from MyD88 is thought to be initiated when interleukin 1
receptor-associated kinase interacts with tumor necrosis factor
receptor-associated factor 6, leading to the activation of this E3
ubiquitin ligase and the formation of Lys®*-linked polyubiqui-
tin chains. These polyubiquitin chains then bind to regulatory
components of the TAK1 complex, inducing conformational
changes that lead to the autoactivation of this protein kinase.
Polyubiquitin chains also bind to the NEMO component of the
canonical IKK complex (containing IKKa and IKK) leading to
its activation by TAK1. The substrates of the canonical IKKs
include IkBe, an inhibitor of transcription factor NFkB (18).
The phosphorylated IkBa then interacts with SCFFTR<P allow-
ing this E3 ubiquitin ligase to catalyze the Lys*5-linked polyu-
biquitylation of IkBe, followed by its proteasomal degradation.
The RelA and c-Rel components of NFkB can then translocate
to the nucleus and stimulate the transcription of genes encod-
ing inflammatory mediators.

Conventional (12) and plasmacytoid (19) dendritic cells from
IKKa '~ mice are greatly impaired in their ability to produce
type 1 IFNs, and it has been suggested that IKKa might be the
protein kinase that phosphorylates IRF7 directly in response to
ligands that activate TLR7 and TLR9 (19). In contrast, the role
of IKKP in the TLR7/9-induced production of type 1 IFNs by
pDCs has not yet been addressed.

There are two other members of the IKK subfamily, TBK1
and IKKe, which are critical for the activation of IRF3 and hence
for the production of type 1 IFNs by ligands that activate TLR3
and TLR4 and by cytoplasmic RNA sensors in response to viral
infection (11). TBK1/IKKe have also been reported to phospho-
rylate IRF7 (20), but seems to be dispensable for TLR7/9-in-
duced IFN production by pDCs derived from fetal liver cells of
TBK1 /" IKKe ’~ embryos (21).

Studies aimed at understanding how ligands that activate
TLR7 and TLR9 stimulate the production of type 1 IFNs in
pDCs have been hampered by the limited availability of these
cells. A stable cell line providing enough material to analyze the
TLR7/9 signaling pathways using chemical and genetic
approaches would therefore be extremely valuable. Gen2.2 is a
stable pDC line generated from the tumor blood cells of a
patient (22). Gen2.2 cells express pDC markers, secrete IFN«
in response to TLR7/9 stimulation, express maturation
markers, and are able to present antigens in a similar manner
to primary pDCs (22-24). These cells have recently been
used to confirm aspects of pDC biology in relationship with
DNA sensing (25) or HIV infection (26). Here we use these
human cells, in conjunction with primary mouse pDCs, to
show that IKKp activity is required for type 1 IFN produc-
tion in response to ligands that activate TLR7 and TLR9 by a
mechanism that is largely independent of the IKKSB-medi-
ated degradation of IkBa. We also demonstrate that IKKS
activity, together with the IFNB-stimulated activation of the
JAK-STAT signaling pathway is required for subsequent
production of I[FNa.

JUNE 1,2012+VOLUME 287+NUMBER 23

IKKP Is Required for IFN Production in pDCs

EXPERIMENTAL PROCEDURES

Compounds—BI1605906 (27) and MLN4924 (28) were syn-
thesized as described. The chemical synthesis of NG25 (supple-
mental Fig. S4C) will be described elsewhere. 5Z-7-Oxozeaenol
was purchased from BioAustralis Fine Chemicals, INCB18424
from ChemieTek, and MG132 from Calbiochem. CpG type B
for stimulation of Gen2.2 and mouse cells (ODN1826) and CpG
type A for experiments with Gen2.2 cells (ODN2216) and
murine cells (ODN1585), together with the TLR7 agonists
CL097 and R848, were purchased from Invivogen. Human
IFNP was obtained from PBL Interferon Source.

DNA Constructs—Restriction digests and ligations were per-
formed using standard protocols. All PCR were carried out
using KOD Hot Start DNA polymerase (Novagen). The coding
region for IRF7 (NCBI accession number NP_001563) was
amplified from IMAGE consortium EST 5201404, cloned into
vector pSC-b (Stratagene) and sequenced. The insert was sub-
cloned into mammalian expression vector pPCMV5HA-1 to cre-
ate a DNA vector for expression of IRF7 with an N-terminal HA
tag. DNA encoding IKKa (NCBI accession number O15111)
was amplified from IMAGE consortium EST 5275799, and
IKK (GenBank™ accession number AF080158) was cloned in
a similar way by amplifying from IMAGE EST 5784717. Cata-
lytically inactive mutants of IKKa and IKKf were obtained by
mutating Lys** to Ala using the QuikChange mutagenesis
method (Stratagene), but using KOD Hot Start DNA polymer-
ase. The IFNB promoter cloned into the pLuc-MCS vector was
kindly provided by Katherine Fitzgerald (University of Massa-
chusetts). pTK-RL was from Stratagene.

Mice—129Sv] X C57BL/6 mice on a mixed background were
bred at Dundee under pathogen-free conditions according to
European Union regulations. The work was approved by local
ethical review and performed with a UK Home Office project
license.

Cell Culture—HEK293 and 293T cells were maintained in
DMEM with 10% FBS. Gen2.2 cells (generously provided by
Drs. Joel Plumas and Laurence Chaperot, Research and Devel-
opment Laboratory, French Blood Bank Rhone-Alpes,
Grenoble, France) require murine stromal cells (MS5) as feeder
cells to propagate (22). MS5 were obtained from DSMZ (Braun-
schweig, Germany) and cultured with Gen2.2 cells in RPMI
supplemented with 10% FBS, sodium pyruvate (Lonza), nones-
sential amino acids (Lonza), penicillin (100 units/ml), and
streptomycin (100 ug/ml). 24 h before passage, 1 X 10° MS5
cells were split into 25-cm flasks and then irradiated (60 gray).
24 h prior to stimulation, the Gen2.2 cells were harvested and
incubated overnight without feeder cells.

Bone marrow cells extracted from the femur and tibia of mice
were differentiated into FIt3 bone marrow-derived DCs by
incubation for 7 days in RPMI supplemented with 100 ng/ml of
recombinant Flt3-ligand (Peprotech), 10% FBS, 50 um 2-mer-
captoethanol, 10 mm HEPES, penicillin (100 units/ml), and
streptomycin (100 ug/ml) (29).

RNA Interference—5 X 10° cells were transfected (25) with
0.4 nmol of siRNA in Amaxa Nucleofector (Lonza) with the
Amaxa Cell Line Nucleofector V-kit (Lonza), using program
A33. siRNAs were siGenome pools (Dharmacon), and resus-
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pended according to the manufacturer’s instructions. After
transfection, the cells were left for 48 h in the absence of feeder
cells, counted, and stimulated for the times indicated in the
figure legends.

Measurement of Cytokines—3.5 X 10° Gen2.2 cells or FIt3-
DCs were incubated for 1 h in 96-well plates without or with the
indicated concentrations of inhibitor, then stimulated with 1
M CpG (type A or B) or 1 ug/ml of CLO97 or R848. After 5 or
12 h the cell culture supernatants were collected, clarified by
centrifugation, and frozen at —80 °C until cytokine levels were
analyzed. For cell viability assays, unstimulated cells were incu-
bated for 12 h in the absence or presence of inhibitors. Cells
were then fixed and the percentage of live cells analyzed by flow
cytometry.

Immunoblotting—Gen2.2 cells were incubated for 1 h with or
without inhibitors, and then treated with the indicated
amounts of the ligand. At the times indicated, the cells were
rinsed in ice-cold PBS and extracts were prepared and sub-
jected to immunoblotting (27).

The antibodies used for immunoblotting were horseradish
peroxidase-conjugated secondary antibodies (Pierce), anti-
IKKB (Millipore), anti-HA (Roche Applied Science), anti-tubu-
lin (Sigma), anti-Stat1, anti-IkBa, and anti-IKKa (Cell Signal-
ing Technology). Phosphospecific antibodies recognizing
phospho-Tyr”®" of Statl, phospho-Ser®®® of p105, phospho-
Ser®®® of p65/RelA, and another recognizing phospho-Ser'””/
Ser'®' of IKKB and phospho-Ser'”®/Ser'®° of IKKa (catalog
number 2697) were also from Cell Signaling Technology.

Quantitative RT-PCR—Total RNA extracted from cells
using the RNeasy Micro kit (Ambion, Austin, TX) was reverse
transcribed using random and oligo(dT) primers, qScript
reverse transcriptase, and the accompanying reagents (Quanta
Biosciences) according to the manufacturer’s instructions. PCR
were performed using the PerfeCT SYBR Green Fast mix
(Quanta Biosciences) in the Bio-Rad iCycler or CFX96 (Bio-
Rad). Human [IFNB, IFNAI, and IFNA2 primers have been
described (23). Primer sequences for murine transcripts were:
Ifub forward, 5'-GGAAAAGCAAGAGGAAAGATTGAC-3';
Ifub reverse, 5'-CCACCATCCAGGCGTAGC-3’; Ifna4 for-
ward, ACCCACAGCCCAGAGAGTGACC, Ifna4 reverse,
AGGCCCTCTTGTTCCCGAGGT; Ifna6 forward, CAGGAG-
GTGGGGGTGCAGGA; Ifna6 reverse, TCACTCGTCCT-
CACTCAGTCT. Normalization and quantitation were per-
formed using 18 S RNA and the AAC, method

ELISA—The concentrations of IFN¢, IFNf, and IL-6 in the
cell culture supernatant were measured by ELISA using the
Verikine Human IFN« or IFNB kit (PBL Interferon Source) and
the Development IL-6 ELISA kit (Peprotech).

Luciferase Assays—1.8 X 10° HEK 293 cells were seeded on
24-well plates and transfected with 50 ng of the reporter plas-
mid encoding the firefly luciferase gene under control of the
IEN promoter together with various expression plasmids (20
ng) using Lipofectamine 2000 (Invitrogen) following the man-
ufacturer’s instructions. Transfected DNA was maintained at
400 ng by adjusting the DNA concentration with empty vector.
10 ng of Renilla luciferase encoding plasmid (pTK-RL) was co-
transfected as an internal control plasmid. 48 h later, cells were
extracted in Passive lysis buffer (Promega). Luciferase activity
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was measured with a dual-luciferase assay system (Promega)
according to the manufacturer’s instructions.

Phosphatase Treatment—Lysates of 293T cells transfected
with HA-IRF7 (0.5 mg) were subjected to overnight immuno-
precipitation with anti-HA affinity matrix (Roche Applied Sci-
ence). After extensive washing, beads were incubated for 30
min at 30 °C with 80 units of A-phosphatase (New England Bio-
labs) in the presence or absence of phosphatase inhibitors (Cal-
biochem). Samples were subjected to SDS-PAGE on 6% acryl-
amide gels and immunoblotted with an HA antibody.

Proteins and Kinase Assays—IRF7 was expressed in Esche-
richia coli as a glutathione S-transferase (GST) fusion protein
with a PreScission proteinase cleavage site between the GST
and the IRF7. The GST-IRF7 was captured on glutathione-Sep-
harose and IRF7 released from GST and glutathione-Sepharose
by digestion with PreScission proteinase. His,-tagged IKKf
and TBK1 were expressed in their active phosphorylated forms
in insect Sf21 cells and purified by affinity chromatography on
nickel nitrilotriacetate-agarose. Active GST-IKKa was pur-
chased from Millipore and assayed as described previously (30).

RESULTS

A Specific Inhibitor of IKKB Prevents Secretion of Type 1
Interferons in Human Plasmacytoid Dendritic Cell Line
Gen2.2—BI605906 is a potent and specific inhibitor of IKKfB
(supplemental Fig. S1A) (27), which does not affect the closely
related IKKa in vitro (supplemental Fig. S1B). Moreover,
BI605906 potently inhibits the phosphorylation of p65/RelA
and p105 in IKKa ™/~ mouse embryonic fibroblasts (MEF), but
notin IKKB ™/~ MEFs where their phosphorylation is catalyzed
by IKKa rather than IKKf (supplemental Fig. S1C). We there-
fore used this compound to investigate the potential impor-
tance of IKKf in the signaling pathway by which TLR9 and
TLR7 ligands stimulate the secretion of type 1 IFNs. TLRY is
activated by unmethylated CpG DNA sequences, which can be
subdivided into two types. CpG type A is a potent stimulator of
interferon production but a weak activator of proinflammatory
cytokine production, whereas CpG type B stimulates both
interferon and proinflammatory cytokine production. TLR7 is
activated by single-stranded RNA and, in the present study, we
used the synthetic agonist CL097, a water-soluble derivative of
the imidazoquinoline compound R848, which is used as a vac-
cine adjuvant. The CpG A- and CpG B-stimulated secretion of
[FN« (Fig. 1A) and IFNS (results not shown) were potently
inhibited by BI605906 with an IC,, of 0.1 uMm, with complete
inhibition occurring at 2 um (Fig. 1A4). Interestingly, CL097 and
the structurally related TLR7 ligand R848 did not induce the
synthesis of IFNe, but stimulated the secretion of IFN3, which
was also blocked by BI605906 (Fig. 1B). BI605906 also reduced
the secretion of IL-6 by CpG B and CL097, although the IC,
was about 10-fold higher (Fig. 1C). The suppression of phos-
phorylation of IKK substrates p65/RelA and p105/NFkB1 cor-
related with the suppression of IL-6 production (Fig. 1D), indi-
cating that less inhibition of IKKf is needed to suppress IFN
secretion than to suppress IL-6 secretion. CpG A did not stim-
ulate the secretion of significant amounts of IL-6. Importantly,
similar results were obtained with a structurally unrelated
IKKB inhibitor PS1145 (supplemental Fig. S2). Neither
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FIGURE 1. A specific inhibitor of IKK blocks type 1 interferon production in Gen2.2 cells in response to ligands that activate TLR7 and TLR9. A, Gen2.2
cells were incubated for 1 h in the absence (ND, no drug) or presence of the indicated concentrations of BI605906 and then stimulated for 12 h with 1 um CpG
type B (left-hand panel) or CpG type A (right-hand panel). The levels of IFN« in the culture medium were quantified by ELISA. The experiment was performed in
96-well plates with two wells being used for each concentration of inhibitor studied and the results being averaged. Similar results were obtained in three
independent experiments. Error bars show the variation in duplicate determinations. B, the experiment was carried out as in A, except that the cells were
stimulated for 5 h with 1 wg/ml of the TLR7 agonist CL097 and IFNB in the culture medium was measured by ELISA. Similar results were obtained in three
independent experiments. Error bars show the variation in duplicate determinations. C, the experiment was carried out as in A (left-hand panel) or B (right-hand
panel) except that the concentration of IL-6 in the culture medium was determined by ELISA. Similar results were obtained in three independent experiments.
Error bars show the variation in duplicate determinations. D, Gen2.2 cells were stimulated for 5 h with 1 um CpG B (top three panels) or for 30 min with 1 ug/ml
of the TLR7 agonist CLO97 (bottom panel) in the absence or presence of the indicated concentrations of BI605906. Following cell lysis, aliquots of cell extract (30
g of protein (top three panels) or 12 ug of protein (bottom three panels) were subjected to SDS-PAGE followed by immunoblotting with the antibodies

indicated. The immunoblot shown is representative of two independent experiments.

BI605906 (supplemental Fig. S3A) nor PS1145 (supplemental
Fig. S3B) affected viability of the cells.

To check that BI605906 was exerting its effect by inhibiting
IKKpB, and not via an “off-target” effect, we also reduced the
expression of IKKB using RNA interference. The knockdown of
IKKp (Fig. 2A) suppressed the CpG B-stimulated secretion of
[FN« and the CL097-stimulated secretion of IFNB (Fig. 2B).
siRNA knockdown of IKKf also suppressed CpG B-stimulated
IL-6 secretion (Fig. 2C, left-hand panels) but did not reduce
CL097-stimulated IL-6 secretion (Fig. 2C, right-hand panels).
This is because despite the reduction in IKKfS expression,
CL097-stimulated activation of the residual IKKSB was just as
robust as in control cells expressing normal levels of IKK (Fig.
2C, right-hand panels). The CL097-stimulated IL-6 secretion
could, however, be reduced by including BI605906 in the cul-
ture medium (Fig. 2C).

RNA interference of IKKa had a similar effect on IFN secre-
tion to the knockdown of IKK (Fig. 2B). This is consistent with
an earlier report showing that secretion of IFN« induced by
TLR9 and TLR7 ligands is greatly reduced in pDCs from
IKKa ™/~ mice (19).
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We also tested the effectiveness of BI605906 in primary
mouse Flt3-derived DCs, which have been used as a model for
studying type 1 IFN production by pDCs. These experiments
showed that, as for human transformed Gen2.2 cells, the pro-
duction of Ifub mRNA by CL097 (Fig. 3A) or CpG (Fig. 3B), or
the production of Ifna4 (Fig. 3C) and Ifna6 mRNA (Fig. 3D) by
CpG was abolished by BI605906.

IKK Activity Is Required for Production of IFN3 mRNA— In
MEFs, the production of Ifub mRNA and IFNf secretion
induced by viral infection has been reported to precede the
production of IFNa (8, 31). In the present study, we found that
the production of IFN initiated after stimulation with ligands
that activate TLR9 also occurred several hours before tran-
scription of the IFNa gene (Fig. 4A). The inclusion of
BI605906 in the cell culture medium at 1 um greatly reduced
the production of JFNB mRNA (Fig. 4A4), and abolished sub-
sequent transcription of the genes encoding IFNAI (Fig. 4A)
and [FNA2 (results not shown). IFNB signals through the
type 1 IFN receptor leading to activation of the JAK-
STAT1/2 pathway. This explains why BI605906 suppresses
the CpG B-stimulated phosphorylation of STAT1 at Tyr”®!
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FIGURE 2. RNA interference of IKKa or IKK3 blocks type 1 interferon production in Gen2.2 cells in response to ligands that activate TLR7 and TLR9. A,
Gen2.2 cells were transfected in the absence of siRNA (=) or in the presence of 0.4 nmol of a non-targeting pool of siRNAs (C, control), siRNA blocking IKKS
(IKKPB), or siRNA blocking IKKa (IKKa). Cell extracts were prepared 48 h later and, after SDS-PAGE and transfer to PVDF, immunoblotting was carried out with the
indicated antibodies. One experiment, which is representative of three that were carried out, is shown. B, the experiment was carried out as in A, except that
after 48 h, the transfected cells were stimulated for 12 h with 1 um CpG type B (left-hand panel) or for 5 h with 1 ug/ml of CL097 (right-hand panel). The
concentrations of IFN« (left-hand panel) and IFN (right-hand panel) in the cell culture medium were then measured by ELISA. The experiment was performed
in 96-well plates with two wells being used for each concentration of inhibitor studied and the results being averaged. Similar results were obtained in 3
independent experiments. Error bars show the variation in duplicate determinations. C, the experiment was carried out as in A, and cells transfected with a
non-targeting pool of siRNAs (siControl) or siRNA blocking IKK (silKKB) were stimulated with 1 um CpG type B (left panel) or 1 ug/ml of CLO97 (right panel). Cells
were lysed 5 h after CpG stimulation (left panel) or 30 min after CL0O97 stimulation and aliquots of the cell extracts were subjected to SDS-PAGE followed by
immunoblotting with the antibodies indicated as described in the legend to Fig. 1. Supernatants were collected 12 h after stimulation with CpG B (left-hand
panel) or 5 h after stimulation with CLO97 (right-hand panel). IL-6 concentrations in the cell culture supernatant were measured by ELISA. A representative

experiment of several performed is shown.

in GEN2.2 cells (Fig. 4B), reflecting suppression of the early
secretion of IFNf.

To investigate further the importance of the JAK-STAT1/2
pathway in driving late-stage [FN« production, we examined
the effects of the potent and specific JAK (Janus) inhibitor
INCB18424 (also called Ruxolitinib) (supplemental Fig. S4A),
which was recently approved for the treatment of the bone mar-
row disease myelofibrosis. This compound completely blocked
the CpG B-stimulated phosphorylation of STAT1 (Fig. 4C).
Incubation with INCB18424 did not inhibit the production of
IFNB mRNA up to 5 h but blocked the further increase in IFNB
mRNA production after this time (Fig. 4D), presumably by sup-
pressing a JAK-STAT1/2-dependent positive autocrine loop
required to sustain production of IFNB. INCB18424 also com-
pletely blocked the production of IJFNAI mRNA (Fig. 4D),
establishing that it is dependent on the catalytic activity of
the JAKs. Similar results were obtained when CpG A was
used instead of CpG B, although, the production of IFNB was
lower and more delayed with this ligand (results not shown).
Taken together, these experiments showed that inhibition of
IKKB blocks the formation of IFNB mRNA and hence IFNf3
secretion resulting in a failure of IFNp to activate the JAK-
STAT1/2 pathway and stimulate the transcription of IFN«
genes.
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IKKpB and IFNB Are Both Required for Production of IFN«
mRNA—When the Gen2.2 cells were stimulated with the TLR7
ligand CL097, there was a much more rapid induction of IFNB
mRNA, which then declined to a very low level after 5 h (Fig.
5A). This induction was also inhibited by BI605906 (Fig. 5A).
Consistent with the rapid kinetics of IJFNB mRNA formation,
there was also a rapid activation of IKKf, and the phosphoryl-
ation of STAT1 also reached a maximum after 1 h (Fig. 5B). In
contrast, the JAK inhibitor INCB 18424 had little effect on the
CL097-stimulated formation of IFNB (Fig. 5C).

The activation of IKKS by CL097 was transient, reaching a
maximum between 30 and 60 min and declining thereafter (Fig.
5B). The production of IFNB mRNA was also transient, peaking
after 2 h and almost returning to basal levels after 5 h (Fig. 54).
The transient activation of IKKf and IFNB mRNA was quite
different from the sustained activation seen after stimulation
with CpG Type B (Fig. 44) and suggested that the failure of
CL097 to induce the production of significant amounts of [IFN«
might be explained by its failure to activate IKKf for a sufficient
length of time. If this were true, we reasoned that if IFNf was
added to the cell culture medium together with CL097, then the
production of IFNA mRNA might be induced before the activ-
ity of IKKB had declined to basal levels. This hypothesis turned
out to be correct. We found that there was a robust production
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obtained in two independent experiments.

of IFNA1 mRNA when Gen2.2 cells were incubated with CL097
plus IFN, but little induction with CL097 alone and no induc-
tion with IFNB alone (Fig. 5D). The formation of IFNAI mRNA
induced by CL097 plus IFNS was prevented by BI605906 (Fig.
5E), demonstrating that IKKf is required for the production of
IFN« as well as IFN. In contrast, the amount of JFNB mRNA
formed when Gen2.2 cells were incubated with CL097 plus
IFNB was similar to those produced in response to CL097 alone
(Fig. 5F).

Inhibition of TAKI Suppresses Type 1 Interferon Production—
In other immune cells, the activation of IKKa and IKK by TLR
ligands requires the protein kinase TAK1 (see Introduction).
We therefore tested the effects of two structurally unrelated
inhibitors of TAK1, 5Z-7-oxozeaenol (32) and NG25 on the
secretion of type 1 interferons. NG25 has not been described or
used previously and its specificity and structure are shown in
supplemental Fig. S4, B and C. These experiments showed that
both compounds were very potent suppressors of CpG B- (Fig.
6A) or CpG A-stimulated (supplemental Fig. S5A) secretion of
IFN« and CL097-stimulated secretion of IFNS (Fig. 6B), with
complete inhibition by 400 nm. As expected, 5Z-7-oxozeanol
(Fig. 6C) and NG25 (Fig. 6D) prevented the activation of IKKa/
IKKp and, due to the suppression of IFNf secretion, the subse-
quent activation of STAT1 was also blocked (Fig. 6, C and D).
The TAK1 inhibitors did not affect the viability of the cells at
400 nM (supplemental Fig. S5B).

IKKB and IKK« Stimulate Type 1 Interferon Production by a
Mechanism Independent of Degradation of IkBa—One of the
major roles of the canonical IKKs (IKKa and IKK) is to phos-
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phorylate IkBa, which leads to activation of the transcription
factor NFkB. We therefore investigated whether inhibiting the
degradation of IkBa would affect IFN gene transcription. The
IKKs phosphorylate IkBa at Ser®” and Ser®®, priming it for rec-
ognition by SCFF™8" This E3 ubiquitin ligase then catalyzes
the Lys*®*-linked polyubiquitylation of IxBa, leading to its pro-
teasomal destruction. We therefore tested the effect of
MLN4924, a specific inhibitor of the E1 activating enzyme for
NEDDylation. MLN4924 prevents the NEDDylation and hence
the activation of SCFFTRC? (and other Cullin-based RING E3
ligases) (28) and blocks the polyubiquitylation of phosphoryl-
ated IkBa. We found that MLN4924 prevented the destruction
of IkBa (Fig. 7A) and totally suppressed transcription of the
NFkB-dependent gene IKBA (Fig. 7B), as expected, but the pro-
duction of IFNB mRNA was still increased over 1000-fold. Con-
versely, the IKKf inhibitor BI605906 suppressed IFNB mRNA
production by 99% (Fig. 7B), but the degradation of IkBa
observed after 30 min was only inhibited slightly (Fig. 7A). Sim-
ilar results were obtained with the proteasomal inhibitor
MG132, which also prevents the degradation of polyubiquity-
lated IkBa (results not shown). The failure of BI605906 to pre-
vent degradation of IkBa is presumably explained by IKK« cat-
alyzing the phosphorylation of IkBa if IKK is inhibited. Taken
together, the results indicate that IKK stimulates IFNf3 pro-
duction by a pathway that is independent of the degradation of
IkBa.

The CL097-stimulated phosphorylation of the activation
loop of IKKa and IKKf was unaffected by BI605906 (Fig. 7A),
indicating that binding of this compound to IKKSB does not
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FIGURE 4. Inhibition of IKK3 suppresses the CpG B-stimulated production of IFN 3, whereas inhibition of IKK or JAK kinases prevents the subsequent
production of IFNa. A, Gen2.2 cells were stimulated for the times indicated with 1 um CpG type B in the absence (black squares) or presence (open circles) of 1
1M BI605906. RNA was then extracted from the cells and IFNB mRNA (left-hand panel) or IFNAT mRNA (right-hand panel) were measured by quantitative PCR.
The results are plotted as the fold-increase in mRNA relative to the level determined in unstimulated cells. The results are shown for one representative
experiment of three. Band C, Gen2.2 cells were stimulated for the times indicated with 1 um CpG type B in the absence (=) or presence (+) of 10 um BI605906
(B) or T um INCB18424 (C) and cell lysates were subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies. The blot shown is
representative of two independent experiments. D, as in A, except that the cells were stimulated with 1 um CpG type B in the absence (black squares) or

presence (open triangles) of 1 um INCB18424. The results are shown for one representative experiment of two.

prevent its phosphorylation by TAK1 in these cells. However,
interestingly, we found that MLN4924 consistently increased
the CL097-stimulated phosphorylation of the IKKs (Fig. 74),
suggesting that a Cullin-RING E3 ligase may be involved in
restricting the extent of activation of the IKKs.

Canonical IKKs Synergize with IRF7 to Stimulate IFN(
Transcription—IRF7 is known to play a critical role in /FN gene
transcription in pDCs (see Introduction). To understand fur-
ther how IKKB may stimulate /FNB gene transcription, we
transfected DNA encoding this protein kinase into HEK293
cells with and without DNA encoding IRF7 and/or IKKa. We
noticed that the electrophoretic mobility of IRF7 was decreased
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when it was transfected with IKK, but not when it was trans-
fected with IKKa or with a catalytically inactive mutant of IKK3
(Fig. 7C). However, a more pronounced decrease in the mobil-
ity of IRF7 was observed when it was co-transfected with both
IKKa and IKKB (Fig. 7C, lane 5). The decrease in the electro-
phoretic mobility of IRF7 could be reversed by treatment with
the phosphatase from bacteriophage Agt10 (Fig. 7D), demon-
strating that it was the result of phosphorylation. The transcrip-
tion of a luciferase reporter under the control of the IFNB
promoter was increased by transfection with IKKB8 DNA in a dose-
dependent manner, whereas IKKa was a very poor inducer of
IFNB gene transcription compared with IKKp (Fig. 7E).
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production was measured. Similar results were obtained in three other independent experiments.

We next co-transfected IRF7 DNA with the lowest amounts
of IKKB and/or IKK« used in Fig. 7E (20 ng). As has been
described previously (31), transfection with IRF7 alone stimu-
lated IFNB gene transcription (Fig. 7F, lane 2) but this was
increased by co-transfection with IKK (Fig. 7F, lane 10) and, to
a lesser extent, by IKKa (Fig. 7F, lane 6). An even greater
enhancement of /FNB gene transcription was observed when
IRF7 DNA was co-transfected with both of these IKKs (Fig. 7F,
lane 12).

Identification of Major Site on IRF7 Phosphorylated by
IKKB—IRF7 was phosphorylated with purified IKKSB or TBK1
(supplemental Fig. S6A) and the bands corresponding to IRF7
were excised, digested with trypsin, and subjected to chroma-
tography on a Vydac C18 column. The same major **P-labeled
tryptic peptide T1 was generated after phosphorylation by
either IKKB (supplemental Fig. S6B) or TBK1 (results not
shown). Mass spectrometry showed that this fraction con-
tained two peptides, one corresponding to the unphosphoryl-
ated form of the peptide comprising amino acid residues 304 to
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322 of IRF7, and the other to a monophosphorylated derivative
of the peptide comprising residues 180 to 209 of IRF7. The
phosphopeptide obtained after phosphorylation by either IKKf3
(supplemental Fig. S6C) or TBK1 (results not shown) showed a
burst of 3*P radioactivity after the 21st cycle of Edman degra-
dation following solid phase sequencing (33), corresponding to
Ser®® (supplemental Fig. S6C).

It has been reported that IRF7 translocates from the cytosol
to the nucleus when Gen2.2 cells are stimulated with CpG B
(25), raising the possibility that IKKB may exert its effect on
IRF7 indirectly by promoting entry to the nucleus. We found
that some of the endogenous IRF7 in Gen2.2 cells was already
present in the nucleus of unstimulated cells, but were unable to
observe any increased accumulation of IRF7 in the nucleus after
stimulation with either CL097 or CpG B.? This suggests that
IKKp does not exert its effect by stimulating the translocation
of IRF7 to the nucleus.

3 E. Pauls, unpublished data.
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No drug

DISCUSSION

We have shown in this study that the production of type 1
IENs in the human pDC cell line Gen2.2 (Fig. 1) or in murine
Ft3-derived dendritic cells (Fig. 3) can be prevented by inhibit-
ing IKKB activity with two structurally distinct inhibitors,
BI605906 (Figs. 1 and 3) and PS1145 (Fig. S2), or by siRNA
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knockdown of IKKf (Fig. 2). This effect appears to be inde-
pendent of the role of IKKf in degrading IkBa, because CL097
stimulated JFNB mRNA levels 1000-fold even when the degra-
dation of IkBa was completely blocked by the Neddylation
inhibitor MLN4924 (Fig. 7). These findings are consistent with
areport that the CpG A-stimulated production of type 1 inter-
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ferons was hardly impaired in pDCs from mice that do not
express NFkB subunits RelA/p65 or p50 and c-Rel (34). Never-
theless, a proteasomal or Cullin-RING E3 ligase-dependent
event, which might be the degradation of IkBa, may contribute
to CL097-stimulated production of IFNB mRNA because it was
reduced by 70% in the presence of MLN4924 (Fig. 7) or MG132
(results not shown).

The formation of type 1 IFNs by ligands that activate TLR7
and TLRY is suppressed in pDCs and conventional DCs of
IKKa /™ mice (12, 19) and, consistent with these reports, we
found that siRNA knockdown of IKK« impaired the secretion
of type 1 IFNs in human Gen2.2 cells (Fig. 2). IKKf and IKKa
are both components of the canonical IKK complex raising the
question of whether inhibition and depletion of IKKf prevents
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the activation of IKK« or vice versa. However, this is not the
case, because the CL097-stimulated phosphorylation of p105, a
physiological substrate of IKKB (35) was not suppressed by
siRNA knockdown of IKKe, and was prevented by the IKK3-
specific inhibitor BI605906 in IKKa-deficient Gen2.2 cells
(results not shown). Moreover, ligands that activate TLR7 or
TLR9 have been reported to stimulate transcription of NFkB-
dependent genes il-6 and il-12 similarly in pDCs from IKKa '~
or wild type mice (19).

The activation of IKKf does not occur in embryonic fibro-
blasts from mice that do not express TAK1 (36) or express a
truncated, inactive form of TAK1 instead of the wild type pro-
tein (27, 37). The activation of IKK is also prevented in macro-
phages by the TAK1 inhibitor 5Z-7-oxozeaenol in response to
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LPS (see supplemental Fig. S2A in Ref. 27) or the TLR1/2 ligand
Pam,Csk, (38). We found that two structurally unrelated TAK1
inhibitors, NG25 and 5Z-7-oxozeaenol, both inhibited the acti-
vation of IKKB by TLR7 and TLR9 agonists (Fig. 5C) and pre-
vented the secretion of type 1 IFNs induced by these ligands in
Gen?2.2 cells. To our knowledge, these findings provide the first
evidence that TAK1 may be required for IFN production by
pDCs.

We also established that the production of IFN« in Gen2.2
cells depends on the prior production of IFNf, which upon
secretion into the culture medium activates the type 1 IFN
receptor and switches on the JAK-STAT1/2 pathway that is
needed for IFNa production. Thus the JAK inhibitor
INCB18424 (Ruxolitinib) blocked the production of IFNAI
(Fig. 4D) and IFNA2 (results not shown). In contrast,
INCB18424 did not suppress the CpG type B-stimulated for-
mation of JFNB mRNA up to 4-5 h, and only prevented the
further rise in IJFNB mRNA that occurred after this time (Fig.
4D). This indicates that the JAK-STAT1/2 pathway drives a
positive feedback loop that sustains the production of IFNf.
Such feedback activation had previously been suggested by the
observation that the formation of Ifnb and Ifnua mRNA by CpG
type A was impaired in pDCs from mice that do not express the
type 1 IFN receptor (10).

Interestingly, the TLR7 agonists CL097 and R848 induced a
much more rapid increase in JFNB mRNA than the TLR9 ligand
CpG type B, yet little IFNA mRNA was produced and no secre-
tion of IFNa could be detected in response to these TLR7
ligands. However, we found that large amounts of JFNA mRNA
could be produced rapidly in Gen2.2 cells if they were co-stim-
ulated with both CL097 and IEN 3, whereas either agonist alone
was ineffective (Fig. 5D). Moreover, under these conditions,
IFNA1 mRNA production was prevented by pharmacological
inhibition of IKKp (Fig. 5E). Taken together, these experiments
establish that IKKS activity and signaling by IFNS are both
critical for the production of IJFNA mRNA in Gen2.2 cells and
that CL097 does not produce significant amounts of IFNA
mRNA because it does not maintain the activation of IKKf for
a sufficient period of time (Fig. 5B).

A transcription factor that is crucial for type 1 IFN produc-
tion in pDCs is IRF7 (10). In the present study we confirmed
that transcription of a luciferase reporter under the control of
the IFNB promoter could be increased by transfection with
DNA encoding IRF7 and that this could be enhanced by co-
transfection with IKKa DNA. However, IKKB8 DNA was much
more effective than IKKa DNA in enhancing IRF7 transcrip-
tional activity (Fig. 7F) and, in contrast to IKKe, could also
stimulate luciferase reporter gene expression in the absence of
transfected IRF7 (Fig. 7E). The overexpression of components
of signaling pathways can frequently cause the specificity of
signaling to break down and lead to erroneous conclusions
being made. Nevertheless, these experiments show that IKKB is
potentially capable of synergizing with IRF7 to promote IFNf3
gene transcription.

When high concentrations of IKKB DNA were co-trans-
fected with IRF7 DNA, the expressed IRF7 became phosphoryl-
ated (Fig. 7, C and D), raising the possibility that IKKf, or
another protein kinase(s) activated by IKKB, may exert its
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effects on this pathway by phosphorylating IRF7. Like TBK1,
bacterially expressed IKKB phosphorylated IRF7 at Ser** in
vitro, although phosphorylation by IKKf was far weaker than
with TBK1 (supplemental Fig. S64). TBK1 is thought to be the
protein kinase that phosphorylates IRF7 downstream of the
viral double-stranded RNA receptors TLR3 and RIG-I/MDA5
but not in pDCs stimulated with TLR7 or TLR9 agonists (see
Introduction). Ser?°° was also identified as a site that became
phosphorylated when DNA encoding IRF7 and IKKf or TBK1
were co-transfected into HEK293 cells (results not shown).
However, we found that the mutation of Ser**® to alanine had
no effect on the ability of IRF7 to stimulate luciferase reporter
expression under control of the IJFNB promoter when it was
transfected alone or together with IKKB DNA (results not
shown). Therefore, the physiological relevance of the phospho-
rylation of IRF7 at Ser®°° that can be forced by transfection with
high concentrations of IKKB DNA is unclear.

Although we cannot exclude the possibility that IKKf acti-
vates another protein kinase that then phosphorylates IRF7 at a
distinct site, it is also possible that IRF7 is not the only tran-
scription factor important for the activation of the IFNf pro-
moter in pDCs. Indeed, the combinatorial interaction of multi-
ple transcription factors is commonly required for the
transcription of many genes. IKKB may therefore stimulate
IFNS gene transcription by activating another protein(s). IRF1
and IRF5 have previously been implicated in the regulation of
type 1 IEN gene transcription, although studies with IRF1~/~
(10) and IRF5 /" mice (39) may have excluded an essential role
for these proteins in IFN production in pDCs. Therefore fur-
ther work is still needed to understand how IKKf stimulates
IFNB transcription in pDCs.

It is unlikely that IKK« and IKKf exert their effects on IFN
gene transcription in pDCs by targeting the same phosphoryl-
ation site on the same protein, otherwise IKKa would be
expected to be able to compensate for the loss of IKKf activity
or vice versa, which is not the case. A further hint that IKK« and
IKKB may be exerting their effects in distinct ways comes from
our observation that IRF7-stimulated /FNB gene transcription
was consistently higher when IRF7 was co-transfected with
both IKKa and IKKp than with either of these protein kinases
alone (Fig. 7F).

Autoimmune diseases, such as systemic lupus erythemato-
sus, are associated with the production of high levels of type 1
IFNs, which may be caused by self-RNA and self-DNA activat-
ing TLR7 and TLRY, respectively. The present study therefore
raises the possibility that IKKB inhibitors may have therapeutic
potential for the treatment of autoimmunity. Particularly note-
worthy is our finding that both of the IKK inhibitors we exam-
ined, BI605906 (Fig. 1) and PS1145 (supplemental Fig. S2), pre-
vented the production of type 1 IFNs at much lower
concentrations than those needed to suppress IL-6 secretion.
To understand why IFN production is so sensitive to inhibition
by BI605906 will require the identification of the IKKS sub-
strate that controls this process and the phosphatases that act
on this site(s), as well as an understanding of how phosphatases
are regulated. However, the sensitivity of IFN production to
BI605906 is of great interest because it raises the possibility of
suppressing the production of type 1 IFNs in vivo at concentra-
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tions of IKKp inhibitors that are much lower than those
required to block the activation of NF«B. This might help to
avoid the side effects that may be caused by the inhibition of
such a crucial transcription factor.
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