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Macrophages serve essential sentinel and effector functions in innate 
immunity and the transition to adaptive immunity. Depending on the 
environmental cues present, macrophages can assume a spectrum of 
activation states ranging from classically activated M1 inflammatory  
macrophages to various alternatively activated M2 macrophages 
that are involved in immunoregulation and tissue repair1. M1 macro
phages are characterized by the production of inflammatory media
tors, such as interleukin 12 (IL12) and inducible nitric oxide synthase 
(iNOS), in response to microbial product–mediated activation of Toll
like receptors (TLRs) and cytokines such as interferonγ (IFNγ)1. 
In contrast, M2 macrophages have lower expression of inflamma
tory mediators and have key roles in wound healing, host defense 
against helminths and the resolution of inflammation1. Published 
work has linked specific transcription factors to functional pheno
types of macrophage2,3, which suggests a parallel to T cell biology, 
in which lineagespecific transcription factors regulate cell differen
tiation. Members of the interferonregulatory factor (IRF) family of 
proteins are transcriptional regulators of macrophage polarization, 
with IRF5 and IRF4 associated with polarization to the M1 state and 
M2 state, respectively2,3. IRF8 is induced by IFNγ and contributes 
to the induction of several genes, including Ifnb1 (which encodes 
IFNβ)4, Il12b (which encodes the p40 subunit of IL12 (IL12p40))5, 
Il12a (which encodes the p35 subunit of IL12)6 and Nos2 (which 
encodes iNOS)7, in response to stimulation via TLRs and thus has a 

role in host defense against intracellular pathogens such as vaccinia 
virus and Leishmania major8. In the immune system, IRF8 also regu
lates the development of the lymphoid and myeloid lineages and is 
indispensable for generation of plasmacytoid dendritic cell and CD8+ 
dendritic cell populations9,10.

The stimulation of TLRs activates at least three main downstream 
signaling pathways, the transcription factor NFκB pathway, the 
mitogenactivated protein kinase (MAPK) pathway and the IRF 
pathway11, to induce gene transcription. However, TLR responses 
are also modulated by a variety of posttranscriptional mechanisms, 
including regulation of the decay and transport of mRNA and the 
control of translation initiation12. Translationcontrol mechanisms 
often target the process of translation initiation, during which the 
recruitment and assembly of translationinitiation factors, includ
ing the main capbinding protein eIF4E, on target mRNA activates 
translation13. Cytokines, chemokines and enzymes are often targets 
of translational control12. Whether translational regulation controls 
other molecules, such as signaling intermediates and transcription 
factors, remains an open question.

The Notch signaling pathway regulates the differentiation, pro
liferation, survival and development of cells14. Ligation of Notch 
receptors by their ligands leads to cleavage of Notch by proteases 
of the ADAM family and subsequent intramembranous cleavage 
by a γsecretase to release the Notch intracellular domain (NICD).  
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Emerging concepts suggest that the functional phenotype of macrophages is regulated by transcription factors that define 
alternative activation states. We found that RBP-J, the main nuclear transducer of signaling via Notch receptors, augmented 
Toll-like receptor 4 (TLR4)-induced expression of key mediators of classically activated M1 macrophages and thus of innate 
immune responses to Listeria monocytogenes. Notch–RBP-J signaling controlled expression of the transcription factor IRF8 that 
induced downstream M1 macrophage–associated genes. RBP-J promoted the synthesis of IRF8 protein by selectively augmenting 
kinase IRAK2–dependent signaling via TLR4 to the kinase MNK1 and downstream translation-initiation control through eIF4E. 
Our results define a signaling network in which signaling via Notch–RBP-J and TLRs is integrated at the level of synthesis of 
IRF8 protein and identify a mechanism by which heterologous signaling pathways can regulate the TLR-induced inflammatory 
polarization of macrophages.
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The NICD translocates to the nucleus and binds to the DNAbinding 
protein RBPJ (also called CSL or CBF1)14. In the immune system, the 
most established functions for Notch signaling are in regulating the 
development and function of lymphocytes15. Published data also sug
gest a role for the Notch pathway in regulating the differentiation and 
function of myeloid cells16–24. However, the mechanism of action of 
the Notch–RBPJ pathway in macrophage polarization is unknown.

In this study we found that the Notch–RBPJ pathway controlled 
the expression of prototypical M1 effector molecules such as IL12  
and iNOS, and promoted host defense against the intracellular  
pathogen Listeria monocytogenes. We identified IRF8 as a downstream 
target of the Notch–RBPJ pathway and found that RBPJ regulated 
the translation of IRF8 by selectively modulating TLR4 signaling 
through activation of the kinase MNK1 mediated by the upstream 
signaling molecule IRAK2 and the initiation of translation controlled  
by eIF4E. Our studies delineate a signaling network in which the 
Notch–RBPJ and TLR signaling pathways are integrated at the level of 
synthesis of IRF8 protein to regulate induction of the M1 phenotype 
in macrophages.

RESULTS
RBP-J controls M1 macrophage–associated genes
To investigate the role of the Notch–RBPJ pathway in macrophage 
activation, we profiled the gene expression of wildtype and RBPJ
deficient bone marrow–derived macrophages (BMDMs) stimulated 
with the TLR4 ligand lipopolysaccharide (LPS), which induces the 
expression of key M1 macrophage–associated proteins, such as IL12 
and iNOS1. We confirmed efficient deletion of RBPJ in BMDMs from 
RBPJdeficient mice (with loxPflanked Rbpj alleles deleted by Cre 
recombinase expressed under control of the interferoninducible gene 
Mx1; Rbpjflox/floxMx1Cre mice) by assessing the expression of Rbpj 
mRNA and RBPJ protein (Supplementary Fig. 1a,b). Microarray 
analysis showed that approximately 10% of TLR4inducible genes 
were partially dependent on RBPJ and that a very broad range of 
TLR target genes were induced to a normal amount in RBPJdeficient 

macrophages and thus were RBPJ independent (Supplementary  
Fig. 1c and data not shown). However, a small number of LPSinduced 
genes (fewer than ten) were essentially completely dependent on RBPJ  
(expression >80% lower in RBPJdeficient cells; data not shown). 
Among those genes, we confirmed by quantitative PCR the depend
ence of Il12a, Il12b and Nos2 on RBPJ expression (Fig. 1a,b).

To assess the functional and physiological relevance of RBPJ 
mediated regulation of M1 macrophage–associated genes, we exam
ined the in vivo expression of IL12 protein in the myeloid compart
ment under conditions of inflammation. After endotoxin challenge, 
mice with myeloidspecific deletion of RBPJ (with loxPflanked Rbpj 
alleles deleted by Cre recombinase expressed under control of the 
myeloid cell–specific gene Lyz2; Rbpjflox/floxLyz2Cre mice) had signif
icantly lower serum concentrations of IL12p40 protein than did their 
wildtype littermates (control mice; Fig. 1c). The production of nitric 
oxide in macrophages is catalyzed by iNOS. In response to stimulation 
with LPS, RBPJdeficient macrophages produced significantly less 
nitric oxide than did wildtype cells, as assessed by the concentra
tion of the nitricoxide metabolite nitrite (Fig. 1d). Because IL12 
and iNOS mediate responses to intracellular bacteria, we assessed 
the role of RBPJ in vivo in host defense against L. monocytogenes, an 
intracellular pathogen whose successful clearance requires effectors 
of M1 macrophages, such as IL12 and iNOS25. Chimeric mice gener
ated with bone marrow cells from mice with RBPJ deficiency in the 
myeloid lineage (Rbpjflox/floxLyz2Cre mice) were more susceptible to  
L. monocytogenes infection than were chimeras generated with bone 
marrow cells from control (Rbpj+/+Lyz2Cre) mice, as demonstrated 
by the significantly greater bacterial burden in the spleens and livers 
of infected mutant mice (Fig. 1e). Together these results showed that 
RBPJ was essential for the expression of genes characteristic of the 
core M1 macrophage response in vitro and for the manifestation of 
key myeloid effector functions in vivo.

In addition to promoting the expression of M1 macrophage–
 associated genes, RBPJ suppressed the expression of a group of genes 
characteristic of the M2 macrophage phenotype, a result obtained 
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Figure 1 RBP-J controls the  
expression of prototypical M1  
macrophage–associated genes.  
(a) Quantitative PCR analysis of  
Il12a, Il12b and Nos2 mRNA in  
BMDMs obtained from RBP-J- 
deficient (RBP-J-KO) mice and  
their wild-type (WT) littermates (controls)  
and stimulated for 0–6 h (horizontal axes) with  
LPS (1 ng/ml); results are normalized to Gapdh mRNA (encoding glyceraldehyde phosphate dehydrogenase) and are presented relative to those of 
unstimulated wild-type cells, set as 1. (b) Quantitative PCR analysis of mRNA from wild-type and RBP-J-deficient BMDMs stimulated for 3 or 6 h  
with LPS (all colors indicate 3 h, except yellow and magenta (6 h)); results are presented relative to maximal mRNA expression in wild-type cells,  
set as 100%. (c) Enzyme-linked immunosorbent assay of IL-12p40 in the serum of mice with myeloid-specific deletion of RBP-J (Myeloid RBP-J-KO) 
and wild-type mice (n = 12 per group) given intraperitoneal injection of 200 µg LPS, followed by collection of blood 3 h later. (d) Release of nitric 
oxide into supernatants of wild-type and RBP-J-deficient BMDMs treated with LPS, measured as the nitric oxide metabolite nitrite. (e) Bacterial loads 
in the spleens and livers of chimeras reconstituted with bone marrow with myeloid-specific deletion of RBP-J or wild-type bone marrow, then infected 
intravenously with 3 × 103 L. monocytogenes strain 10403S, analyzed day 3.5 later as colony-forming units (CFU). Each symbol (b,c,e) represents  
an individual mouse; small horizontal lines indicate the average (b,c) or mean (e). *P < 0.05, **P < 0.001 and ***P < 0.0001 (Student’s t test).  
Data are representative of six experiments (a; mean and s.d. of triplicates), three independent experiments (d; mean and s.d. of triplicates) or one 
experiment (e; n = 6 mice per group) or are pooled from six to twelve independent experiments (b,c).
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by microarray analysis that we confirmed by quantitative PCR 
(Supplementary Fig. 1d). RBPJ suppressed the expression of JMJD3, 
the key inducer of M2 polarization3, which indicated that RBPJ had 
an inhibitory role in the M2 differentiation program. Although these 
results suggested that RBPJ might regulate the balance between M1 
polarization and M2 polarization, in this study we focused on delin
eating the mechanisms by which RBPJ regulates the M1 program.

RBP-J controls M1 macrophage genes downstream of Notch
RBPJ has a key role in signal transduction via the canonical Notch 
pathway. However, Notchindependent RBPJ activities have been 
reported14. To assess the role of the canonical Notch pathway in the 
RBPJmediated regulation of M1 macrophage–associated genes, 
we used GSI34, a chemical inhibitor of γsecretase, to abolish sig
naling from the Notch receptors. The treatment of wildtype mouse 
BMDMs with GSI34 did not have any detectable toxic effects (data 
not shown), yet it effectively suppressed the LPSinduced expression 
of Il12b (Fig. 2a), which suggested that the induction of Il12b by LPS 
required canonical Notch signaling. The inhibition of γsecretase by 
GSI34 had no effect on the already blunted Il12b expression in RBPJ 
deficient macrophages (Fig. 2a), which indicated that γsecretase 
and RBPJ function in a linear pathway. Another proteolytic event 
required for the activation of Notch signaling is the cleavage of  
receptors by proteases of the ADAM family, mainly ADAM10  
(ref. 14). Deficiency in ADAM10 almost completely abolished  
induction of the RBPJdependent genes Il12a, Il12b and Nos2 by LPS 
in macrophages (Fig. 2b). In contrast, deficiency in ADAM17 did not 
notably alter the LPSinduced expression of RBPJdependent M1 
macrophage–associated genes such as Il12b (Supplementary Fig. 2a 
and data not shown).

We next sought to determine which Notch receptors were respon
sible for the activation of the M1 macrophage–associated genes. 
Resting mouse BMDMs expressed mainly Notch1 and Notch2 (data 
not shown). To assess the role of Notch1 in the expression of M1
macrophage–associated genes, we used macrophages from mice 
heterozygous for the deletion of Notch1 (Notch1+/− mice), as com
plete deletion of Notch1 leads to death26. Notch1 haploinsufficiency 
was characterized by approximately 70–80% lower expression of 
Notch1 mRNA (Supplementary Fig. 2b)24. Notch1+/− macrophages 
showed profound defects in the induction of RBPJdependent M1 
 macrophage–associated genes (Fig. 2c), which mimicked the effects 

of RBPJ deletion (Fig. 1a,b), inhibition with γsecretase (Fig. 2a) and 
ADAM10 deficiency (Fig. 2b). In contrast to deletion of Notch1, knock
ing down the expression of Notch2 did not alter the LPSmediated 
induction of RBPJdependent genes such as Il12b (Supplementary 
Fig. 2c). Knockdown of Notch2 expression in Notch1+/− cells did not 
further diminish Il12b expression (Supplementary Fig. 2c), which 
suggested that Notch2, either alone or in concert with Notch1, 
did not contribute much to the induction of RBPJdependent M1 
 macrophage–associated genes. Next we assessed Notch1 function 
by gainoffunction approaches. Forced expression of the NICD of 
Notch1 (NICD1) activated a reporter construct driven by the mouse 
Il12b promoter (Fig. 2d). We also generated mice with constitutive 
expression of NICD1 in myeloid cells (called ‘NICD1M mice’ here) by 
crossing Lyz2Cre mice with mice expressing NICD1 from the ubiqui
tous Rosa26 locus27. BMDMs from NICD1M mice were morphologi
cally undistinguishable from wildtype macrophages and expressed 
markers of mature macrophages (Supplementary Fig. 3a–c).  
NICD1M BMDMs had higher NICD1 expression and constitutively 
active Notch signaling than did wildtype cells, as assessed by expres
sion of the canonical Notch target gene Hes1 (Supplementary Fig. 3d 
and data not shown). Stimulation with LPS resulted in greater induc
tion of M1 macrophage–associated genes in NICD1M macrophages 
than in control macrophages (Fig. 2e). Collectively, these results indi
cated that the Notch1–ADAM10–γsecretase–RBPJ axis regulated 
the expression of M1 macrophage–associated genes.

RBP-J controls IRF8 expression and function
Il12a, Il12b and Nos2 are known to share common mechanisms of 
regulation, such as dependence on the NFκB subunit cRel28–30 and 
dependence on IRF1 and IRF8 (refs. 6,7,31). In addition, they were all 
categorized as secondaryresponse genes32 (Supplementary Fig. 4). 
We investigated regulation of the expression of cRel, IRF1 or IRF8 by 
the Notch–RBPJ pathway. The expression of cRel and IRF1 was not 
substantially altered by RBPJ deficiency (data not shown), which sug
gested that they were not targets of RBPJmediated regulation. It has 
been reported that IRF8 expression is regulated at the transcriptional 
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Figure 2 Induction of RBP-J-dependent M1 macrophage–associated 
genes requires canonical Notch signaling. (a) Quantitative PCR analysis  
of lI12b mRNA in BMDMs obtained from paired wild-type and  
RBP-J-deficient littermates and given no pretreatment (−) or pretreated 
for 48 h with the γ-secretase inhibitor GSI34 and then stimulated for  
3 h with LPS (1 ng/ml); results are normalized to Gapdh mRNA and  
are presented relative to those of unstimulated wild-type cells, set as 1.  
(b,c) Quantitative PCR analysis of Il12a, Il12b and Nos2 mRNA in 
wild-type and ADAM10-deficient (ADAM10-KO) BMDMs (b) or BMDMs 
obtained from Notch1+/− mice and their wild-type littermates (c), left 
unstimulated (−) or stimulated for 3 h with LPS; results presented as in a.  
(d) Luciferase activity in lysates of RAW264.7 mouse macrophages 
transfected with an Il12b luciferase reporter construct plus empty vector 
(EV) or an expression plasmid for NICD1, followed by no stimulation (−) or 
stimulation for 6 h with LPS (1 µg/ml) at 36 h after transfection; results 
are normalized to values for renilla luciferase and are presented relative 
to those of unstimulated cells transfected with empty vector, set as 1. 
(e) Quantitative PCR analysis of Il12a, Il12b and Nos2 mRNA in BMDMs 
obtained from NICD1M mice and their wild-type littermate and stimulated 
for 0–24 h (horizontal axes) with LPS; results presented as in a. Data are 
representative of at least three independent experiments (mean and s.d. 
of triplicates).
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level and that the induction of IRF8 protein follows the induction of 
Irf8 mRNA and occurs over the course of hours33,34. In contrast to 
those published observations, LPS treatment rapidly (within 15 min)  
and robustly induced the expression of IRF8 protein, as assessed 
in wholecell lysates and nuclear extracts of wildtype BMDMs 
(Fig. 3a,b). We verified the specificity of the detection of IRF8 by 
immunoblot analysis of IRF8deficient macrophages (Supplementary 
Fig. 5a). We confirmed the rapid induction of IRF8 protein in vari
ous culture conditions and with several proteinextraction methods 
(data not shown). In contrast to the robust LPSdependent induction 
of IRF8 in wildtype cells, we observed less IRF8 in wholecell lysates 
and nuclear extracts of RBPJdeficient macrophages (Fig. 3a,b). The 
expression of other members of the IRF family, such as IRF4 and IRF5, 
was not affected by RBPJ deficiency (Supplementary Fig. 5b). In a 
gainoffunction approach, IRF8 protein expression was much higher 
in NICD1M macrophages than in wildtype macrophages (Fig. 3c). 
These results suggested that Notch–RBPJ was required for the rapid 
induction of IRF8 protein after the stimulation of TLR4.

The recruitment of IRF8 to its targetgene promoters is necessary 
for the binding of RNA polymerase II and subsequent transcriptional 
activation4. Chromatinimmunoprecipitation assays showed that the 
activation of wildtype macrophages with LPS led to the recruitment 
of IRF8 to the proximal promoter of Il12b (Fig. 3d). This effect was 
almost completely abolished in RBPJdeficient macrophages (Fig. 3d).  
There was concomitantly less recruitment of RNA polymerase II to the 
Il12b promoter in RBPJdeficient cells (Fig. 3e), which suggested that 
the lower abundance of IRF8 in the absence of RBPJ was not suffi
cient to assemble the transcriptional machinery at the Il12b promoter. 
Overall, our data suggested that RBPJ regulated the expression and 
transcriptional function of IRF8 downstream of TLR signaling.

We next sought to determine whether the lower IRF8 expression 
in RBPJdeficient macrophages explained the low expression of M1 
macrophage–associated genes in these cells. The induction of Il12a, 
Il12b and Nos2 by LPS was much lower in IRF8deficient macro
phages than in wildtype cells (Fig. 4a). We determined whether the 
restoration of IRF8 expression in RBPJdeficient cells would restore 
the expression of Il12a, Il12b and Nos2. Through the use of retroviral 
transduction, we restored IRF8 expression in RBPJdeficient macro
phages to approximately its expression in wildtype cells (Fig. 4b). 
Reconstitution with IRF8 nearly completely corrected the defective 
expression of Il12b mRNA (Fig. 4c) and IL12p40 protein (Fig. 4d) in 
RBPJdeficient cells. Reconstitution with IRF8 also partially restored 
the expression of Il12a in RBPJdeficient macrophages (Fig. 4c), 
whereas the impaired Nos2 expression of RBPJdeficient cells was 
not ‘rescued’ by IRF8 reconstitution (Supplementary Fig. 5c), which 
suggested the involvement of additional factors in RBPJregulated 

Nos2 expression. These results indicated that RBPJ regulated the  
expression of M1 macrophage–associated genes at least in part 
through IRF8.

RBP-J is required for the rapid synthesis of IRF8 protein
Next we investigated the mechanisms by which RBPJ regulates the 
expression of IRF8 protein. Because IRF8 expression is known to be 
regulated at the level of mRNA by stimuli such as IFNγ (refs. 34,35), 
we investigated whether TLR4 and RBPJ induced the accumulation of 
Irf8 mRNA. Stimulation with LPS for up to 3 h did not result in notable  
upregulation of Irf8 mRNA at any of the time points assessed  
(0–180 min, which corresponded to the observed induction of IRF8 
protein) in wildtype BMDMs (Fig. 5a). As a control, we observed 
considerable induction of mRNA encoding tumornecrosis factor 
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of Il12a, Il12b and Nos2 mRNA in wild-type and Irf8−/− BMDMs left 
unstimulated or stimulated for 3 h with LPS; results are normalized to 
Gapdh mRNA and are presented relative to those of unstimulated wild-
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control. (c,d) Quantitative PCR analysis of Il12a and Il12b mRNA (c) and 
enzyme-linked immunosorbent assay of IL-12p40 (d) in the BMDMs in b, 
stimulated for 6 h with LPS at 48 h after transduction; mRNA results (c) 
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after treatment with LPS (Supplementary Fig. 5d), and pretreatment 
with IFNγ before stimulation with LPS resulted in the induction of 
Irf8 mRNA in wildtype macrophages, as expected (Supplementary 
Fig. 5e). We also confirmed the results presented above through the 
use of distinct quantitative PCR primers that target a region of Irf8 
mRNA33 upstream of that amplified in Figure 5a (data not shown). 
These results suggested that the rapid induction of IRF8 protein by 
TLR4 stimulation was not due to higher expression of Irf8 mRNA. In 
addition, RBPJ deficiency did not substantially alter the amount of 
Irf8 mRNA at baseline or after treatment with LPS (Fig. 5a), which 
suggested that the rapid induction of IRF8 by TLR4 stimulation was 
regulated at the level of the protein.

IRF8 is a labile protein36, so we determined whether RBPJ 
regulated the degradation of IRF8 protein. We added the protein
 synthesis inhibitor cycloheximide to LPSstimulated wildtype or 
RBPJdeficient macrophages and monitored the degradation of IRF8  
protein over time. Despite the expected difference between wildtype 
and RBPJdeficient cells in the abundance of IRF8 protein before 
treatment with cycloheximide, after cycloheximide treatment, IRF8 
protein decreased in a timedependent manner but independently of 
RBPJ genotype (Fig. 5b and Supplementary Fig. 5f). Quantification 
of IRF8 protein by densitometry showed that in the absence of new 
protein synthesis, IRF8 protein decayed at a similar rate in wildtype 
and RBPJdeficient cells and that its halflife was approximately  
150 min in both cell types (Fig. 5c), a measurement consistent with 
the estimate of a published report36. These results suggested that 
RBPJ did not regulate the degradation of IRF8 protein. However, 
the addition of cycloheximide to wildtype macrophages before 
stimulation with LPS blocked the LPSinduced upregulation of 
IRF8 protein (Fig. 5d,e), which suggested that the induction of IRF8 
by LPS was the result of new protein synthesis. Metabolic labeling 
assays showed that stimulation with LPS upregulated the incorpora
tion of 35Slabeled methioninecysteine into newly synthesized IRF8 
protein in wildtype macrophages but not in RBPJdeficient cells 
(Fig. 5f). These results suggested that the rapid synthesis of IRF8 
protein induced downstream of TLR4 signaling was dependent  
on RBPJ.

RBP-J controls activation of the MNK1-eIF4E axis
Stimulation via TLRs induces the phosphorylation and activa
tion of kinases of the MNK family and subsequent MNKmediated  

phosphorylation of eIF4E37,38, which is required for the efficient 
translation of select proteinencoding transcripts39. To investigate the 
mechanisms by which RBPJ regulates the synthesis of IRF8 protein, we 
assessed the regulation of MNK1eIF4E activity by TLR4 and RBPJ.  
MNK1eIF4E activity is enhanced by phosphorylation of MNK1 
on Thr197 and Thr202, and phosphorylation of eIF4E on Ser209  
(ref. 13). TLR4induced phosphorylation of MNK1 and eIF4E was 
much lower in RBPJdeficient macrophages than in wildtype macro
phages (Fig. 6a). This was not due to lower expression of MNK1 or 
eIF4E protein (Fig. 6a), which suggested that the activation of MNK1
eIF4E downstream of TLR4 signaling required RBPJ.

Activation of MNK1 with subsequent phosphorylation of eIF4E 
and regulation of translation has been shown to be dependent on 
the MAPK Erk and stressactivated MAPKs in various systems37–39.  
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of IRF8 protein. (a) Quantitative PCR  
analysis of Irf8 mRNA in BMDMs obtained from paired wild-type and RBP-J-deficient littermates and stimulated  
for 0–180 min (horizontal axis) with LPS; results are normalized to Gapdh mRNA and are presented relative to those  
of unstimulated wild-type cells, set as 1. (b) Immunoblot analysis of IRF8 in whole-cell lysates of wild-type and  
RBP-J-deficient BMDMs stimulated for 1 h with LPS and then treated for 0–200 min (above lanes) with  
cycloheximide (CHX; 20 µg/ml); p38 serves as a loading control. (c) Quantification of the band intensities in b,  
presented relative to those of cells not treated with cycloheximide (0 min). (d) Immunoblot analysis of IRF8 in  
wild-type BMDMs pretreated for 30 min with cycloheximide (20 µg/ml) and then activated for 0–60 min (above lanes)  
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labeling. Data are representative of at least three independent experiments (error bars (a), s.d.).
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We examined the role of MAPKs in the TLR4induced activation 
of MNK1 through the use of pharmacological inhibitors of the 
MAPK kinase MEK (U0126) and the MAPKs p38 (SB203580) and 
Jnk (SP600125); an inhibitor of the phosphorylation of eIF4E by 
MNK1 (CGP57380)39 served as a positive control (Fig. 6b). Although 
inhibitors of single MAPKs had modest effects, a combination of the 
inhibitors of MEK and p38 effectively suppressed the TLR4induced 
phosphorylation of MNK1 and eIF4E (Fig. 6b), which indicated that 
both Erk and p38 were necessary for activation of the MNK1 path
way by TLR4. RBPJ deficiency did not substantially alter the TLR4
induced activation of Jnk (Supplementary Fig. 6a), consistent with 
the idea that Jnk is dispensable for MNK1 activation. In contrast, 
phosphorylation of Erk and MEK (which activates Erk downstream 
of TLR signaling) was lower in RBPJdeficient macrophages than 
in wildtype macrophages (Fig. 6c and Supplementary Fig. 6b). 
Furthermore, RBPJ deficiency led to less phosphorylation of p38 and 
its upstream kinases MKK3MKK6 in response to stimulation with 
LPS (Fig. 6d and Supplementary Fig. 6b). These results indicated that 
regulation of the TLR4induced activation of Erk and p38 was one 
mechanism by which RBPJ controlled activation of the MNK1eIF4E 
axis. Although the dependence of Erk and p38 signaling on RBPJ was 
modest, the activation of MNK1 was dependent on RBPJ, consistent 
with published work suggesting a requirement for dual activation of 
MNK proteins by Erk and p38 (refs. 37–39).

RBP-J targets IRAK2 upstream of MNK1-eIF4E
Next we investigated potential targets of RBPJ upstream of MAPKs 
and MNK1 in the TLR4 signaling cascades. IRAK2 is a proximal com
ponent of TLR signaling that has a role in the TLRmediated activation 
of MNK1 and also functions as a posttranscriptional regulator38,40. 
Consistent with published reports38,41, acute stimulation of wild
type macrophages with LPS did not result in upregulation of IRAK2 
expression (Fig. 7a). However, the expression of IRAK2 protein was 
much lower in RBPJdeficient macrophages than in wildtype cells 
(Fig. 7a). This effect was specific, as the expression of other proteins 
of the IRAK family, such as IRAK1, was not lower in RBPJdeficient 
macrophages than in wildtype cells (Supplementary Fig. 6c and data 
not shown). To determine whether diminished IRAK2 expression 

contributed to the lower expression of M1 macrophage–associated 
genes in RBPJdeficient cells, we restored IRAK2 expression in RBPJ 
deficient macrophages by retroviral transduction. Reconstitution 
of IRAK2 partially corrected the phenotype (Fig. 7b), which  
suggested that the requirement for RBPJ in the induction of M1  
macrophage–associated genes was due at least in part to the regula
tion of IRAK2 by RBPJ.

Next we investigated the mechanisms by which RBPJ signaling 
regulated IRAK2 expression. Wildtype and RBPJdeficient cells did 
have not substantially different amounts of Irak2 mRNA at baseline 
or after LPS stimulation (Fig. 7c), which indicated that RBPJ did not 
regulate Irak2 expression. We also determined if RBPJ deficiency 
resulted in less synthesis of and/or more degradation of IRAK2 protein. 
We assessed the former by metabolic labeling assays and found that 
RBPJ deficiency resulted in attenuated synthesis of IRAK2 protein, 
as shown by less incorporation of 35Slabeled methioninecysteine at 
multiple labeling time points (Fig. 7d). In addition, in the presence 
of the proteinsynthesis inhibitor cycloheximide, IRAK2 degraded 
at a faster rate in RBPJdeficient macrophages than in wildtype 
cells under LPSstimulated conditions (Fig. 7e). Therefore, both less  
synthesis and more degradation contributed to the lower abundance 
of IRAK2 in RBPJdeficient cells. We also found higher expression 
of IRAK2 protein in NICD1M macrophages than in wildtype macro
phages (Fig. 7f). That higher expression of IRAK2 protein was not 
due to higher expression of Irak2 mRNA (Supplementary Fig. 6d), 
which supported the idea that Notch–RBPJ signaling regulated 
IRAK2 expression posttranscriptionally.

To assess the role of IRAK2 in mediating RBPJdependent, TLR4
induced signaling events, we evaluated the activation of MAPK 
kinases and MAPKs in cells in which IRAK2 expression was knocked 
down through the use of RNAmediated interference. Lower IRAK2 
expression (Supplementary Fig. 6e) resulted in impaired activation 
of the MEKErk pathway as well as the MKK3MKK6p38 pathway 
after stimulation with LPS (Supplementary Fig. 6f) but did not affect 
the phosphorylation of Jnk (Supplementary Fig. 6g). Overall, these 
results demonstrated that the Notch–RBPJ pathway controlled a 
TLR4activated MAPKMNK1eIF4E signaling cascade by regulat
ing the expression of IRAK2 protein.
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Nos2 mRNA in wild-type and RBP-J-deficient BMDMs  
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MNK1-eIF4E controls the TLR4-induced synthesis of IRF8 protein
We sought to link the RBPJmediated regulation of MAPKMNK1
eIF4E signaling to the regulation of the induction of IRF8 protein. 
In LPSactivated macrophages, IRF8 expression was much lower 
after the activation of both Erk and p38 was inhibited pharmaco
logically through the use of U0126 and SB203580, respectively, 
whereas the inhibition of Jnk with SP600125 did not have a dis
cernible effect on the amount of IRF8 protein (Fig. 8a). The com
bined inhibition of Erk and p38 almost completely abolished the 
induction of M1 macrophage–associated genes (Fig. 8b) and IL12 
protein (Supplementary Fig. 7a) by LPS, which suggested that 
both Erk and p38 were necessary for the expression of IRF8 pro
tein and the subsequent induction of M1 macrophage–associated 
genes in TLR4stimulated macrophages. Treatment of macrophages 
with the MNK1 inhibitor CGP57380 suppressed the LPSinduced 
phosphorylation of eIF4E and expression of IRF8 protein in a 
dosedependent manner (Fig. 8c). Knockdown of MNK1 in macro
phages by RNAmediated interference led to less phosphoryla
tion of eIF4E and attenuated induction of IRF8 by LPS (Fig. 8d  
and Supplementary Fig. 7b). However, it did not affect the expres
sion of Irf8 mRNA (Supplementary Fig. 7c). Transduction of 
macrophages with a retrovirus expressing a dominantnegative 
mutant of MNK1 that lacks kinase activity and thus is unable to 
phosphorylate eIF4E42 blunted the LPSactivated induction of IRF8 
protein (Fig. 8e). The inhibition of MNK1 activity by CGP57380 
suppressed the TLR4induced expression of Il12a, Il12b and Nos2 
(Fig. 8f) without apparent toxicity (data not shown) or global 
interference with TLR responsiveness (Supplementary Fig. 7d). 
Together these experiments supported the proposal of a role for 
MNK1eIF4E in the TLR4induced expression of IRF8 protein and 
induction of genes that are targets of IRF8. We propose a model 
for the regulation of the polarization of M1 macrophages through 
crosstalk between the Notch–RBPJ and TLR signaling pathways 
(Supplementary Fig. 8).

DISCUSSION
The selective transcription of functionally related subsets of genes in 
response to inflammatory stimuli is important for achieving appropri
ate immune responses11. Here we have shown that the Notch–RBPJ  
pathway selectively regulated a subset of TLR4inducible, classic 
M1 macrophage–associated genes, including Il12a, Il12b and Nos2. 
Signaling via RBPJ and TLR4 converged to synergistically induce 
rapid expression of IRF8 protein, which in turn directly activated 
the downstream expression of M1 macrophage–associated genes. 
Notch1–RBPJ signaling was required for the activity of MNK1 and 
eIF4E, which augmented the translation of IRF8. Our findings have 
provided a functional connection between Notch–RBPJ signaling 
and the IRF family of transcription factors and have identified a 
mechanism by which RBPJ and TLR4 signaling are integrated to 
induce the translation of a key transcription factor important to the 
activation of macrophages.

IRF8 expression is known to be transcriptionally inducible by  
IFNγ (refs. 34,35). Here we found that LPS alone (without IFNγ) 
induced rapid expression of IRF8 protein independently of the upregu
lation of Irf8 mRNA; this activated a subset of TLRinducible promot
ers, such as Il12b, in an RBPJdependent manner. The observations 
that the activation of MNK1 and subsequent phosphorylation of eIF4E 
are induced by inflammatory stimuli, including TLR ligands and inter
ferons38,39, suggest that this pathway may be important in promoting 
the translation of a select subset of transcripts under inflammatory con
ditions. Furthermore, Notch–RBPJ signaling controlled the amount of 
IRAK2 protein independently of the regulation of mRNA expression. 
Although IRAK2 is an integral component of the TLR signaling cascade 
and the amount of IRAK2 is critical for determining TLR responsive
ness43, little is known about how the synthesis or degradation of IRAK2 
protein is regulated. The exact mechanisms by which Notch signaling 
regulates the expression of IRAK2 remain to be determined.

Notably, the RBPJdependent M1 macrophage–associated genes 
identified here are all secondaryresponse genes whose expression 

Figure 8 The MAPK-MNK1-eIF4E axis promotes 
the synthesis of IRF8 and the expression of M1 
macrophage–associated genes. (a) Immunoblot 
analysis of total IRF8 and phosphorylated 
Erk1-Erk2 in wild-type BMDMs pretreated for 
30 min with dimethyl sulfoxide (−) or various 
combinations (above lanes) of the MAPK 
inhibitors U0126, SB203580 and SP600125, 
then stimulated for 60 min with LPS; total 
Erk1-Erk2 serves as a loading control.  
(b) Quantitative PCR analysis of Il12a, Il12b 
and Nos2 mRNA in wild-type BMDMs pretreated 
with MAPK inhibitors as in a and stimulated for 
3 h with LPS; results are normalized to Gapdh 
mRNA and are presented relative to those of 
unstimulated cells, set as 1. (c) Immunoblot 
analysis of phosphorylated eIF4E and total  
IRF8 in wild-type BMDMs pretreated with for 
30 min with dimethyl sulfoxide (DMSO) or 
increasing doses (wedge) of the MNK inhibitor 
CGP57380, then stimulated for 60 min with LPS; 
total eIF4E serves as a loading control.  
(d) Immunoblot of total MNK1, phosphorylated 
eIF4E and total IRF8 in wild-type BMDMs transfected with nontargeting control or MNK1-specific small interfering RNA (siRNA) and treated for 0, 30 
or 60 min (top) with LPS at 2 d after transfection. (e) Immunoblot analysis of IRF8 in wild-type BMDMs transduced with retrovirus encoding wild-type 
MNK1 (WT MNK1) or a dominant-negative MNK1 mutant (DN MNK1) and stimulated for 0–60 min (above lanes) with LPS after selection for 4 d in 
puromycin-containing medium. (f) Quantitative PCR analysis of Il12a, Il12b and Nos2 mRNA in wild-type BMDMs without pretreatment or stimulation 
(far left) or pretreated for 30 min with dimethyl sulfoxide or increasing doses of CGP57380, then stimulated for 3 h with LPS; results presented as in b. 
Data are representative of at least three independent experiments (a–d,f) or two independent experiments (e; error bars (b,f), s.d.).
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is dependent on new protein synthesis. The identity of the factors 
responsible for the induction of secondaryresponse genes has 
remained elusive11. Our results indicate that IRF8 represents such a 
factor. However, we were unable to rule out the possibility that RBPJ 
regulated the expression of TLRinducible genes by additional mecha
nisms. Regulation of NFκB activity by RBPJ has been described44. 
Because Il12a, Il12b and Nos2 are known targets of cRel, we deter
mined whether NFκB had a role in the RBPJmediated regulation 
of these genes. However, the acute activation of canonical NFκB sig
naling, as measured by degradation of the NFκB inhibitor IκBα and 
nuclear accumulation of cRel, was not affected by RBPJ deficiency, 
and the expression of many canonical NFκB target genes was intact 
in RBPJdeficient cells (data not shown), which suggested that NFκB 
was not the central point of signaling integration between the RBPJ 
and TLR pathways in our system. Indeed, the regulation of NFκB by 
RBPJ would be expected to have broader effects on the expression of 
TLRinducible genes and could not explain the selective regulation 
that we observed. However, it is plausible that NFκB may be subject 
to regulation by RBPJ under other conditions, such as latephase 
TLR responses in which IRAK2 contributes to sustained activation 
of NFκB (ref. 41), or in other cell types, such as T cells and human 
peripheral blood mononuclear cells40,45.

Notch receptors and their ligands have been linked to regulating 
the production of inflammatory cytokines18,20,24, mostly through a 
positive feedforward loop in which inflammatory stimuli such as 
TLR ligands induce the expression of Notch receptors and/or their 
ligands and activate canonical Notch signaling, which in turn aug
ments TLRinduced cytokine production in a nonselective manner. 
In contrast, we have shown here that the induction of IRF8 by RBPJ 
and TLR signaling occurred minutes after TLR stimulation, before 
the reported induction of the expression of Notch receptors or their 
ligands18,20,24. Furthermore, in primary macrophages, despite the 
finding that Notch signaling was constitutively active at baseline, it 
was not further activated by TLR stimulation within the experimental 
time frame (X.H., data not shown), which indicated a lack of acute 
activation of canonical Notch signaling by TLR pathways. Thus, our 
data suggest a model in which constitutive Notch signaling via RBPJ 
serves as a ‘tonic’ signal that is necessary but not sufficient for gene 
induction and that the TLR pathway provides a ‘triggering’ signal 
that activates gene expression. Such a tonic signal would be deliv
ered in vivo under baseline conditions in which Notch ligands are 
expressed, such as in the marginal zone of the spleen16 and in the 
blood circulation24. Feedforward regulation involving the induction 
of Notch components would then serve as an amplification loop that 
is potentially important for sustaining TLR responses at later time 
points. Overall, our findings have highlighted the selective regulation 
of TLRinducible gene expression by Notch signaling that modulates 
inflammatory macrophage phenotype.

METhODS
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METhODS
Cells and reagents. Mouse BMDMs were obtained as described17 and were 
maintained in DMEM supplemented with 10% FBS and 10% supernatants 
of L929 mouse fibroblasts as conditioned medium providing macrophage 
colonystimulating factor (MCSF). Recombinant mouse IFNγ was from 
Peprotech and was used at concentration of 10 ng/ml. Cellculture–grade 
LPS and cycloheximide were from SigmaAldrich. Pam3Cys was from EMC 
Microcollections. LPS was used at concentration of 1 ng/ml and Pam3Cys was 
used at concentration of 10 ng/ml unless otherwise noted. The γsecretase 
inhibitor GSI34 was used at concentration of 10 µM as described46. U0126, 
SB203580, SP600125 and CGP57380 were from Calbiochem.

Mice. Experiments with mice were approved by Institutional Animal Care 
and Use Committees at the Hospital for Special Surgery, Columbia University, 
and Christian Albrechts Universität Kiel. C57/BL6 mice were from Jackson 
Laboratory. Rbpjflox/flox mice were provided by T. Honjo. Mice with myeloid 
cell–specific deletion of Rbpj (Rbpjflox/floxLyz2Cre) have been described17 and 
were used for in vivo experiments, given the tissue specificity of the deletion. 
Mice with inducible deletion of Rbpj (Rbpjflox/floxMx1-Cre) were generated 
by crossing of Rbpjflox/flox mice to mice expressing a Mx1 promoter–driven 
transgene encoding Cre, on the C57/BL6 background (Jackson Laboratory). 
Littermates with an Rbpjflox/floxMx1-Cre or Rbpj+/+Mx1-Cre genotype were 
given intraperitoneal injection of poly(I:C) at a dose of 200 µg per mouse three 
times in 5 d to induce deletion and mice were used for experiments 2 weeks 
later. For all in vitro experiments involving RBPJdeficient macrophages, cells 
were derived from Rbpjflox/floxMx1-Cre mice where substantial deletion of 
Rbpj (approximately 80%) was observed; the conditional deletion was con
trolled for expression of Cre and genetic background through the use of cells 
from Rbpj+/+Mx1-Cre mice. Adam10flox/flox mice have been described47, and 
Adam10flox/floxMx1-Cre mice were generated and used by a procedure similar 
to that described for Rbpjflox/floxMx1-Cre mice. Adam17flox/floxLyz2Cre mice 
were generated by crossing of Adam17flox/flox mice48 to Lyz2Cre mice on the 
C57/BL6 background (Jackson Laboratory). Notch1+/− mice were provided by 
T. Gridley26. RosaNotch mice, in which cDNA encoding constitutively active 
mouse NICD1 was knocked into the ubiquitously expressed Rosa26 locus, 
followed by sequence encoding an internal ribosome entry site and enhanced 
green fluorescent protein (eGFP), and preceded by a fragment encoding a stop  
signal, flanked by loxP sites27, were from the Jackson Laboratory. Mice with 
myeloid cell–specific constitutive expression of NICD1 (NICD1M mice) were 
generated by the crossing of RosaNotch mice with Lyz2Cre mice. Sex and 
agematched Lyz2Cre mice were used as controls. NICD1M macrophages 
were obtained by culture of bone marrow cells from NICD1M mice for 5 d 
in conditioned medium containing MCSF. At the end of the culture period, 
adherent cells were collected and replated for experiments. Irf8−/− mice have 
been described5. All experiments involving knockout mice used sexmatched 
littermates of the desired genotype as a control. Bone marrow chimeras were 
generated as described49. Recipient C57BL/6 mice were subjected to irradia
tion at a dose of 1,000 cGy, followed by intravenous injection of 1 × 106 donor 
bone marrow cells from mice with myeloid cell–specific RBPJ deficiency 
(Rbpjflox/floxLyz2Cre) or their wildtype (Rbpj+/+Lyz2Cre) littermates as con
trols. Chimeric mice were used for experiments 6 weeks after the initial bone 
marrow transfer.

Isolation of mRNA and quantitative PCR. RNA was extracted from whole
cell lysates with an RNeasy Mini kit (Qiagen) and was reversetranscribed with 
a First Strand cDNA synthesis kit (Fermentas). Quantitative PCR was done in 
triplicate wells with an iCycler IQ thermal cycler and detection system (BioRad)  
with genespecific primers. Threshold cycle numbers were normalized to 
those of triplicate samples amplified with primers specific for glyceraldehyde 
3phosphate dehydrogenase (Gapdh).

Enzyme-linked immunosorbent assay. Cytokine secretion was quantified with 
ELISA kits from BD Pharmingen, and the production of nitric oxide was mea
sured with Greiss reagent according to manufacturers’ instructions (Sigma).

L. monocytogenes infection. Mice were infected intravenously with 3 × 103 
L. monocytogenes strain 10403S, as described49. At day 3.5 after infection, 

spleens and livers were collected and dissociated in PBS containing 0.05% 
Triton X100, and bacterial colonyforming units were determined by plating 
on brainheart–infusion agar plates.

Immunoblot analysis. Wholecell lysates were prepared by direct lysis in 
SDS loading buffer. For immunoblot analysis, lysates were separated by 10% 
SDSPAGE and transferred to a polyvinylidene difluoride membrane for prob
ing with antibody. Polyclonal antibody to IRF8 (antiIRF8; C19), antip38  
(C20), anticRel (C), antiTBP (SI1) and antiSHP2 (D17) were from Santa 
Cruz Biotechnology. AntiIRAK2 (ab62419) and antiβtubulin (ab6046) 
were from Abcam. Antibody to MEK1MEK2 phosphorylated at Ser217 and 
Ser221 (9154), MKK3MKK6 phosphorylated at Ser189 and Ser207 (9231), 
Jnk phosphorylated Thr183 and Tyr185 (9251), Erk phosphorylated Thr202 
and Tyr204 (9101), p38 phosphorylated Thr180 and Tyr182 (9215), MNK1 
phosphorylated Thr197 and Thr202 (2111), eIF4E phosphorylated Ser209 
(9741), and antiMNK1 (2195), antieIF4E (2067), antiIκBα (4812), antiIRF4 
(4948), antiIRF5 (4950) and antiErk1Erk2 (9102) were from Cell Signaling.  
AntiRBPJ rabbit serum was a gift from E. Kieff and J.C. Aster50.

Transient transfection and luciferase assay. A luciferase reporter plas
mid containing sequences from positions –356 to +55 of the mouse Il12b 
promoter was provided by S.T. Smale. RAW264.7 cells were transfected in 
duplicate with the Il12b reporter plasmid and an expression vector encoding 
NICD1 (a gift from R. Kopan) through the use of Lipofectamine LTX reagent 
(Invitrogen). The pRLTK plasmid encoding renilla luciferase (Promega) 
was used as an internal control. A DualLuciferase Reporter Assay System 
(Promega) was used for the detection of luciferase activity of cell lysates 36 h  
after transfection.

RNA-mediated interference. Small interfering RNA (siRNA) specifically  
targeting mouse Notch2, IRAK2 or MNK1, and nontargeting control siRNA 
were from Dharmacon. The siRNA was transfected into mouse BMDMs 
through the use of TransIT TKO transfection reagent according to the  
manufacturer’s instructions (Mirus Bio).

Chromatin immunoprecipitation. This assay was done as described17 
with slight modifications. Cells (8 × 106 to 10 × 106) were crosslinked with 
0.75% formaldehyde. After being lysed in 8 ml lysis buffer, the pellets were 
resuspended in cold radioimmunoprecipitation buffer and were sonicated 
on ice at power setting 5 in 20second bursts for six cycles. Lysates were 
then cleared by centrifugation and were incubated overnight with rotation 
with 2 µg goat antiIRF8 (C19; Santa Cruz Biotechnology) or monoclonal 
antibody to RNA polymerase II (05623; Millipore). The same amount of 
normal goat IgG (sc2028; Santa Cruz Biotechnology) or normal mouse IgG 
(MABC002; Millipore), respectively, was used as a control. Antibody incuba
tion was followed by incubation for 1.5 h at 4 °C with 45 µl of 33% Protein 
A/G agarose slurry (Santa Cruz Biotechnology). Then, the agarose slurry 
bond complexes were digested with proteinase K and phenolchloroform was 
used to purify DNA for quantitative PCR. Unrelated 28S rRNA was used for 
normalization of the results of quantitative PCR. The value obtained with IgG 
in untreated cells (control) was set as 1. Primers used for quantitative PCR 
were as follows: Il12b locus forward, 5′CACACTGGACCAAAGGGACT3′,  
and reverse, 5′CTTTGCTTCCCTAGCACCT3′; 28S rRNA forward, 5′ 
GATCCTTCGATGTCGGCTCTTCCTATC3′, and reverse, 5′AGGGTAAAA 
CTAACCTGTCTCACG3′.

Metabolic labeling. BMDMs (8 × 106 to 10 × 106) cultured in complete 
medium were starved for 30 min in methionine and cysteinefree DMEM 
supplemented with 5% dialyzed FBS. Then, the cells were labeled with  
35SMethionine/cysteine Labeling Mix (PerkinElmer) at a final concentra
tion of 100 µCi/ml. At the end of the labeling period, cells were washed twice 
with cold PBS and were lysed in 500 µl lysis buffer (50 mM TrisHCl, pH 8.0,  
150 mM NaCl, 10% glycerol, 1 mM EGTA, 0.2 mM EDTA, 1% Nonidet  
P40 and 1 mM dithiothreitol) supplemented with protease inhibitors (Roche). 
Goat polyclonal antiIRF8 (C19; Santa Cruz Biotechnology) and rabbit poly
clonal antiIRAK2 (ab62419; Abcam) were used for immunoprecipitation  
of IRF8 and IRAK2, respectively. Immunoprecipitates were resuspended in  
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20 µl SDSPAGE loading buffer for subsequent electrophoresis through a 7.5% 
SDSPAGE. Gels were dried and placed on film for autoradiography overnight 
at −80 °C.

Retroviral transduction. PlatE cells seeded at a density of 2 × 106 per well 
into sixwell plates were cultured overnight and then transfected with Fugene 
HD (Roche) and 3 µg retroviral vector. After 48 h, viral supernatants were 
collected and centrifuged (1,500 r.p.m.). Viral supernatants (1.5 ml) were used 
for the transduction of 4 × 105 BMDMs in the presence of 8 µg/ml polybrene 
(Sigma). BMDMs were used for assay 48 h after viral transduction. For trans
duction based on the pMxPuro vector, virustransduced macrophages were 
selected for 4 d in puromycincontaining medium before being replated for 
assays. The pMXIrf8IRESEGFP retroviral vector and pMXIRESEGFP 
control vector were provided by M. Takami. A retroviral construct encoding 
IRAK2 and an emptyvector control construct were gifts from S. Akira41. 
Expression constructs for wildtype and dominantnegative (T197A,T202A) 
MNK1 were provided by J.A. Cooper42, and cDNA fragments encoding  
wildtype and dominantnegative MNK1 were subcloned into the pMxPuro 
retroviral vector.

Flow cytometry. BMDMs were collected after 5 d of culture in conditioned 
medium containing MCSF and were stained with allophycocyaninconjugated 
antiCD11b (553312; BD Pharmingen) and phycoerythrinconjugated anti
F4/80 (MF48004; Invitrogen). Cells were washed three times and analyzed on 
a FACScan flow cytometer (BD) with CellQuest software (BD).

46. Shelton, C.C., Tian, Y., Frattini, M.G. & Li, Y.M. An exo-cell assay for  
examining real-time γ-secretase activity and inhibition. Mol. Neurodegener. 4, 22 
(2009).

47. Jorissen, E. et al. The disintegrin/metalloproteinase ADAM10 is essential for the 
establishment of the brain cortex. J. Neurosci. 30, 4833–4844 (2010).

48. Horiuchi, K. et al. Cutting edge: TNF-α-converting enzyme (TACE/ADAM17) 
inactivation in mouse myeloid cells prevents lethality from endotoxin shock.  
J. Immunol. 179, 2686–2689 (2007).

49. Shi, C. et al. Bone marrow mesenchymal stem and progenitor cells induce monocyte 
emigration in response to circulating toll-like receptor ligands. Immunity 34,  
590–601 (2011).

50. Wang, H. et al. Genome-wide analysis reveals conserved and divergent features  
of Notch1/RBPJ binding in human and murine T-lymphoblastic leukemia cells.  
Proc. Natl. Acad. Sci. USA 108, 14908–14913 (2011).
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