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Summary 

Notch signaling is a well-conserved pathway involved in cell fate decisions, 

proliferation and apoptosis. We report on the involvement of Notch signaling in 

regulating gene expression in activated macrophages. TLR agonists such as bacterial 

lipopeptide, polyI:C, LPS and unmethylated CpG DNA all induced upregulation of 

Notch1 in primary and macrophage-like cell lines. Notch1 upregulation was 

dependent on the MyD88 pathway when stimulated through TLR2, but not TLR4. 

Activated Notch1 and expression of the Notch target gene, Hes1, were detected in 

activated macrophages, suggesting that Notch signaling was activated upon 

stimulation. Inhibiting processing of Notch receptor by γ-secretase using a γ-

secretase inhibitor (GSI), the expression of Notch1 was downregulated to basal 

levels. This treatment significantly modulated expression of TNFα, IL-6, and IL-10.

While expression of IL-6 was suppressed, IL-10 was induced upon GSI treatment. 

Production of TNFα decreased in GSI-treated cells at 6 h but reached levels 

comparable to control at 24 h. In addition, the amount of NO produced was 

significantly lower and the expression of MHC class II was upregulated in GSI-

treated cells. Taken together, stimulation of macrophages through the TLR signaling 

cascade triggered activation of Notch signaling, which in turn regulated gene 

expression patterns involved in proinflammatory responses. 
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Introduction 

 The innate immune response recognizes invasion of microorganisms using 

pattern recognition receptors (PRRs) through recognition of pathogen-associated 

molecular patterns (PAMPs) [1]. Toll-like receptors (TLRs), the mammalian 

orthologs of Drosophila Toll receptor, play a crucial role in recognizing PAMPs. 

There are more than 10 TLRs identified in mammals, each showing differential 

specificity for its ligands [2]. The signaling generated by engagement of TLRs with 

specific ligands involves the recruitment of TIR domain-containing adaptor proteins 

such as MyD88 and TIRAP/MAL, phosphorylation of secondary messengers which 

culminates in nuclear translocation of transcription factors such as NF-κB [3]. This 

event leads to initiation of innate immune responses including inflammation through 

cytokine production and secretion of reactive mediators. The outcome of stimulation 

through the TLR signaling pathway can be varied depending on combination of 

receptor-ligand interactions. It is still largely unknown how individual TLR signals 

are eventually shaped for ligand-specific outcomes [2, 3]. 

 Notch signaling is a well-conserved signaling pathway involved in cell fate 

decisions during development of various systems, including the hematopoietic and 

neuronal systems [4]. The Notch receptor is a heterodimeric transmembrane protein 

expressed on the cell surface of signal receiving cells. The extracellular domain is 

comprised of EGF-like repeats and is responsible for ligand binding. Receptor-ligand 

interactions lead to the cleavage of the transmembrane peptide by two proteolytic 
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enzymes, i.e. tumor necrosis factor α (TNFα)-converting enzyme (TACE) and γ-

secretase. These events release the intracellular domain of Notch (NIC) and promote 

migration into the nucleus, where it forms a transactivation complex with the DNA-

binding protein, RBP-J/CBF-1. The transactivation complex further recruits 

coactivators such as p300 via a scaffold protein MAML and drives the transcription 

of target genes, such as Hes-1, CD25 as well as Notch itself [5]. Mammalian Notch 

receptors are encoded by four different genes, i.e. Notch1-4, and genes encoding five 

mammalian Notch ligands have been identified, i.e. Jagged1, 2, Delta-like 1, 3 and 4.

Notch receptors and ligands are expressed at various stages during 

hematopoiesis and the signal initiated by receptor�ligand interactions plays a crucial 

role in lineage commitment of certain cell lineages [4, 5]. Disruption of Notch 

signaling using either genetic or pharmacological approaches in T-lineage cells 

results in arrest of thymic development and functional aberrations in peripheral T 

lymphocytes [6-8]. Similarly, Notch signaling has been shown to influence various 

myeloid lineage choices [9, 10]. Analyses of expression patterns of Notch 

receptors/ligands in monocyte/macrophage lineage cells reveal that both Notch 

receptors and ligands are temporally expressed during development, and this 

expression persists even after completion of development [11-13]. Differential 

effects of TLR agonists in regulating the expression of Notch ligands have been 

described, and the importance of Notch ligand expression by antigen-presenting cells 

in regulating the outcomes of immune responses is highlighted by its influence on 
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Th1/Th2 immunity [7]. Furthermore, Notch signaling has been shown to directly 

regulate immune responses in the periphery such as production of several cytokines 

in T lymphocytes, including IFNγ, IL-4 and IL-10 [7, 14-16]. 

 In addition to Notch ligands, Notch receptors are also expressed in mature 

macrophages and, recently, Notch signaling has been reported to be involved in 

regulating expression of genes involved in antigen presenting capacity and 

cytotoxicity [12, 17]. However, it is unclear whether activation through TLR 

regulates Notch expression and the role of Notch signaling in regulating cytokine 

production in this cell type has not been addressed. In this study, we investigate the 

effects of different TLR agonists on the expression of Notch receptors and the role 

Notch signaling plays in macrophages using pharmacological approaches to inhibit 

Notch signaling. We report that various TLR ligands similarly trigger upregulation 

of Notch1 in murine bone marrow (BM)-derived macrophages and the macrophage-

like cell line RAW264.7, both in an MyD88-dependent and MyD88-independent 

manner. Furthermore, Notch signaling is activated by stimulation through TLR 

signaling. Using a γ-secretase inhibitor (GSI) to block Notch signaling we 

demonstrate that GSI blocks the upregulation of Notch induced by LPS/IFNγ

stimulation. Expression of several cytokine genes and NO production at late stages 

of activation (12�24 h), were significantly altered by GSI treatment. These results 

suggest that Notch signaling triggered by TLR stimulation regulates gene expression 

in activated macrophages. 
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Results 

Notch receptors are upregulated by activation of macrophages with LPS/IFNγγγγ

It has been shown previously that mature macrophages express Notch1 and 

Notch 4 [12]. In order to investigate the effects of stimulation through TLR on the 

expression of Notch receptors, we treated the macrophage-like cell line RAW264.7 

with LPS (TLR4 ligand), rIFNγ or LPS plus rIFNγ for 0 h, 2 h, 4 h, and 6 h and 

analyzed the expression of Notch1 by RT-PCR. As shown in Fig. 1A, stimulation 

with LPS, rIFNγ and LPS plus rIFNγ significantly triggered upregulation of Notch1 

transcription, with stimulation by LPS plus rIFNγ being the strongest inducer. Four 

different Notch receptors are differentially expressed during hematopoiesis. 

Functional diversity and functional redundancy among these four receptors have 

been reported [18, 19]. Since Notch1 is upregulated by LPS treatment, we 

investigated effects of LPS on the expression of other Notch receptors in RAW264.7 

cell line by RT-PCR. The expression of Notch2 was not affected by stimulation, 

while expression of Notch4 was downregulated by treatment with IFNγ. In BM-

derived macrophages, similar upregulation of Notch1 was confirmed, while Notch2 

was upregulated as early as 3 h after LPS treatment, in contrast to that seen in 

RAW264.7 cell line (Fig. 1B, Fig. 3A). The expression of Notch3 could not be 

detected at any time point during this experiment (data not shown). The expression 

of Notch4, on the other hand, was detected at 0 h, but readily downregulated at 3 h 

after treatment. 
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In addition, we examined the expression of the Notch target gene, Hes1 as 

marker for activation of Notch signaling. As shown in Fig. 1C, treatment of 

RAW264.7 cells by LPS or LPS plus IFNγ both upregulated Hes1 expression. 

Stimulation with LPS plus IFNγ induced more rapid upregulation of Hes1 at 2 h post 

treatment, while LPS alone induced Hes1 upregulation at 4 h post treatment. Taken 

together, treatment with LPS plus IFNγ affects Notch receptor expression in primary 

BM-derived macrophages and a macrophage-like cell line, and this stimulation also 

triggers activation of Notch signaling. 

Macrophages change their functional phenotypes based on the local cytokine 

microenvironment [20]. They can be activated by treatment with LPS alone, IFNγ

alone or a combination of LPS plus IFNγ. Each stimulus induces a different 

biological outcome, and the combination of both signals often shows synergistic 

effects in macrophages. Therefore, we determined effects of IFNγ on LPS-induced 

Notch1 upregulation in macrophages. Treatment by IFNγ alone for 18 h induced 

slight upregulation of Notch1 protein in BM-derived macrophages (Fig. 2A). 

Treatment with both IFNγ plus LPS simultaneously yielded an upregulation pattern 

of Notch1 similar to that in cells treated with LPS alone (Fig. 2A). In addition, the 

order of IFNγ or LPS addition did not influence the expression of Notch1, as 

compared to LPS treatment alone (Fig. 2B). NO was produced by activated 

macrophages (data not shown) verifying the biological synergy of LPS and IFNγ

treatment. Taken together, LPS alone or in combination with IFNγ induced 
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upregulation of Notch1 in macrophages. These data also confirm and extend the PCR 

analyses shown in Fig. 1 by demonstrating the increase in Notch protein levels 

following treatment with LPS plus IFNγ.

Different TLR agonists upregulate Notch1 expression in macrophages in an 

MyD88-dependent and MyD88-independent fashion 

Macrophages express abundant TLRs which enable them to sense the 

presence of pathogens via recognition of PAMPs and alert other immune cells to the 

insult. Because treatment with LPS (a TLR4 agonist as shown in Fig. 3A and above), 

influences the expression pattern of Notch1 in macrophages, we next examined the 

effects of treatment of BM-derived macrophages with other TLR agonists, e.g. 

synthetic lipopeptide Pam3Cys lipopeptide (TLR2), polyI:C (TLR3) and CpG DNA 

(TLR9), on Notch1 expression. All TLR agonists tested here induced Notch1 

upregulation at 6 h post treatment, similar to that seen when stimulated with LPS 

(Fig. 3). In addition, treatments of BM-derived macrophages and RAW264.7 cells 

with TLR agonists all induced Notch1 upregulation in a dose-dependent manner 

(data not shown). Therefore, stimulation through TLRs similarly upregulated Notch1 

expression at the protein level. 

Upon recognition of microbial products, TLRs transduce signals through 

multiple pathways by recruiting different adaptor molecules. MyD88 is one of the 

adaptor molecules utilized by multiple TLRs. While TLR2 agonists signal solely 
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through MyD88, TLR4 agonists signal via MyD88-dependent and MyD88-

independent pathways [21]. We asked whether Notch1 upregulation mediated by 

stimulation through TLR2 and TLR4 in macrophages depends on MyD88. BM-

derived macrophages from MyD88-/- mice upregulated Notch1 at 6 h after 

stimulation with LPS, similar to WT controls. However, defects in sustaining Notch1 

expression for longer periods were detected in MyD88-/- BM-derived macrophages 

(Fig. 4A). In contrast, when BM-derived macrophages from MyD88-/- mice were 

stimulated by TLR2-specific Pam3Cys lipopeptide, upregulation of Notch1 was 

completely absent both at early and late time points (Fig. 4B). Therefore, Notch1 

upregulation induced by signaling through TLR4 at an early stage was MyD88 

independent whereas sustaining Notch1 expression over longer time periods was 

MyD88 dependent. On the other hand, TLR2-mediated Notch1 upregulation relied 

completely on the MyD88 adaptor molecule. 

 

Effect of γγγγ-secretase inhibitor on Notch1 expression 

To investigate the role of Notch signaling in regulating biological function(s) of 

macrophages, we employed a pharmacological approach by GSI, IL-CHO [22]. 

Since all Notch receptors are proteolytically cleaved and activated by the multi-

subunit enzyme, γ-secretase, the problem of functional redundancy among receptors 

can be overcome by using GSI [23]. Using GSI as a tool, several studies have 

reported phenotypes similar to Notch-loss-of-function mutations [8, 14, 24, 25]. 
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Stimulation of macrophages with LPS plus rIFNγ generated cleaved Notch1 and 

upegulation of Notch1, confirming that Notch signaling is activated by this treatment 

(Fig. 5 A�B). Pretreatment with IL-CHO prior to LPS and IFNγ stimulation resulted 

in elimination of cleaved Notch1 and a marked decrease in Notch1 upregulation at 

concentrations between 10 and 25 μM. This result is consistent with previous 

findings suggesting that transcription of Notch receptors is under the control of a 

feed-forward loop of Notch signaling itself [14]. To exclude cytotoxicity of IL-CHO 

treatment, we verified morphological changes of cells stimulated with LPS plus 

rIFNγ in the presence or absence of IL-CHO up to 36 h (Fig. 5C). We did not detect 

any obvious changes of cell death and analysis of cytotoxicity did not reveal any 

significant differences in viability (data not shown). However, cells cultured in the 

presence of IL-CHO appeared more flat and attached to the surface than cells 

cultured with vehicle control. Taken together, IL-CHO treatment completely 

abrogated Notch1 expression in activated macrophages at doses that were not toxic 

to cells. 

 

Effects of IL-CHO on biological macrophage functions 

 To investigate the effects of interfering with Notch signaling using IL-CHO 

on biological macrophage functions, we examined the expression of several 

cytokines and effector molecules typically produced by activated macrophages upon 

stimulation with LPS plus rIFNγ. Treatment with IL-CHO of stimulated 
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macrophages did not affect mRNA expression of TNFα, IL-10 and iNos at 6 h after 

stimulation (data not shown). However, effects of IL-CHO were seen at 12 h and 24 

h after treatment. While the expression level of IL-10 mRNA increased, IL-6 mRNA 

significantly decreased in the presence of IL-CHO (Fig. 6A). When the abundance of 

secreted TNFα was measured at 6 h, 12 h and 24 h after stimulation, IL-CHO 

treatment modified TNFα production at 6 h but this effect was not seen at later time 

points (Fig. 6B). In addition, NO production was significantly suppressed in the 

presence of IL-CHO. Treatment with IL-CHO also enhanced cell surface expression 

of MHC class II (Fig. 6C�D). Hence, inhibition of Notch signaling using GSI altered 

biological functions of macrophages, suggesting a pivotal role for Notch signaling in 

innate immune responses by activated macrophages. 

 

Discussion 

Notch receptors and ligands are expressed during development of myeloid 

lineage cells and their expression persists after maturation to monocytes or tissue 

macrophages[26]. A role for Notch signaling during cell fate decision of dendritic 

cells, monocytes/macrophages, and granulocytes has been reported [27-29]. In 

addition to a crucial role during development, it has become apparent that Notch 

signaling also regulates the function of peripheral immune cells, in particular T 

lymphocytes [5]. It has been suggested that different TLR agonists can modulate the 

expression of Notch receptors and Notch ligands on antigen-presenting cells and, as 
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a result, influence the outcomes of a given immune response. In this study, we 

examined effects of stimulating macrophages through TLRs on the expressions of 

Notch receptors. We found that all TLR agonists (TLR2, TLR3, TLR4 and TLR9) 

tested upregulate Notch1 protein expression in both the macrophage-like cell line 

RAW264.7- and BM-derived primary macrophages. TLR2-mediated Notch1 

upregulation was completely abrogated in MyD88-/- macrophages, whilst TLR4 

signaling did not rely on MyD88 for early Notch1 upregulation. Notch2 mRNA was 

also upregulated by the TLR4 agonist in primary macrophage cultures, but not in 

RAW264.7 cells. In addition, downregulation of Notch4 mRNA was seen in both 

cell types. Furthermore, both cleaved Notch1 protein and Hes1 mRNA were readily 

detected upon macrophage stimulation, providing strong evidence that Notch 

signaling was activated. This result suggests that Notch signaling regulated 

biological activities of macrophages in response to activation by microbes through 

TLRs. 

To verify the role of Notch signaling in regulating inflammatory responses 

triggered by macrophages, we tested effects of GSI on cytokine production, NO 

production and MHC class II expression. GSI treatment did not alter mRNA 

expression of TNFα but the amount of secreted protein was markedly decreased at 

the early stage of stimulation, suggesting that Notch signaling regulates TNFα

production at the post-translational level. Expression of IL-10 mRNA was increased 

in GSI-treated cells, suggesting that Notch signaling can inhibit production of IL-10 

Page 12 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

13

in macrophages. Interestingly, Notch signaling has been shown to be required for IL-

10 production by T cells where the Notch receptor colocalizes with CD4 [16]. In 

contrast to IL-10, expression of IL-6 mRNA was suppressed in GSI-treated cells, 

suggesting that Notch signaling is required for IL-6 expression. In fact, the binding 

partner of Notch, CBF-1, binds to and regulates the IL-6 gene [30]. In addition to 

cytokines, decreased production of NO and increased expression of MHC class II 

were detected in GSI-treated macrophages. It appears that Notch plays a critical role 

in steering an immune response toward inflammation by regulating expression of 

various cytokines and effector molecules generated by macrophages. 

Recently, Monsalve et al. [17] showed that increasing Notch1 expression 

upon stimulation with LPS plus rIFNγ in RAW264.7 cells modulates STAT1 

transactivation capacity. Using an overexpression strategy, they also found decreased 

NO production, but increased ICAM1 and MHC class II expression by stable 

transfectants with a truncated active form of Notch [17]. The discrepancy between 

the results obtained in this study and those from Monslave et al. [17] may lie in 

experimental conditions and the different approaches used. The major differences are 

that we used primary BM-derived macrophages, not a cell line, for studying effects 

of GSI treatment. As shown here, expression of some Notch receptors was affected 

differentially in RAW264.7 cells and primary macrophages. In addition, we cannot 

rule out the possibility that GSI treatment affected other signaling pathways resulting 

in the phenotypes observed in our study. 
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Signaling through TLRs often causes activation of the NF-κB pathway. 

Modulating Notch signaling also has a profound effect on the NF-κB signaling 

cascade in T lymphocytes and hematopoietic precursor cells [14, 25, 31]. Therefore, 

it is tempting to speculate that Notch regulates activities of macrophages by 

interfering with the NF-κB pathway. However, Monsalve et al. [17] observed 

unaltered NF-κB reporter activity after treatment with LPS plus rIFNγ, when Notch 

is constitutively activated. Instead, they found that constitutively activated Notch1 

decreases AP-1 and increases STAT1/3 reporter activity. 

Notch signaling has been reported to directly regulate cytokine production in 

T lymphocytes, such as IFNγ, IL-4, IL-6 and IL-10 [7, 14, 16, 32]. Since 

macrophages also produce IL-6, IL-10 and IFNγ, it will be interesting to explore the 

role Notch signaling plays in regulating cytokine production in macrophages. The 

effects of GSI on cytokine production are reminiscent of those seen with 

overexpression of SOCS3 [33]. SOCS3 plays an important role in regulating 

expression of TNFα, iNOS and IL-6 in macrophages, and its expression is induced 

by IL-10 [33, 34]. Expression of IL-6 and iNOS are negatively regulated by SOCS3 

at mRNA and protein levels, while TNFα expression is negatively regulated at the 

protein level [33]. Since mRNA of IL-10 increased in the presence of GSI, it will be 

of interest to explore the relationships between Notch signaling, IL-10 and SOCS3 in 

macrophages. In Th cells, Notch has been shown to colocalize with CD4 and to be 

required for IL-10 production [16]. However, GSI enhanced mRNA expression of 
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IL-10 in stimulated macrophages, suggesting that Notch signaling inhibits IL-10 

production in this cell type. Interestingly, chromatin remodeling studies revealed 

differences in DNaseI hypersensitivity sites in the promoter of IL-10 in T 

lymphocytes and macrophages, suggesting distinct regulatory mechanisms in these 

two cell types [35]. 

Our study reveals that Notch signaling is activated in LPS plus IFNγ-

stimulated macrophages and Notch signaling regulates critical biological functions of 

activated macrophages. Notch signaling is a crucial regulator of biological functions 

in macrophages during the effector phase by promoting inflammatory responses. 

Consistent with this notion, components of Notch signaling are upregulated in 

lesions of chronic inflammation [36, 37]. It will be of interest to investigate whether 

Notch is involved in initiating inflammation by interacting with the TLR signaling 

cascade or with other signaling pathways involving TLRs.
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Materials and methods 

Mice, BM-derived macrophages and RAW264.7 cell line 

Female C57BL6 mice (aged between 10�12 weeks) were purchased from the 

National Laboratory Animal Centre (Mahidol University, Salaya, Thailand). All 

procedures involving laboratory animals were conducted according to guidelines 

issued by Chulalongkorn University. MyD88-/- mice back-crossed onto the C57/BL6 

background were kindly provided by Dr. Shizuo Akira and the experiments 

involving these mice were conducted at the Max Planck Institute for Infection 

Biology according to German protection law [38]. Mice were sacrificed, and femoral 

bone marrows were isolated. BM-derived macrophages were generated as described 

elsewhere [39]. In brief, cells were washed from BM cavity and incubated for 7 days 

in RPMI 1640 media supplemented with 10% fetal bovine serum purchased from 

HyClone Laboratory (Logan, UT), 100 μM gentamycin and 20% L929-conditioned 

media. Media were changed every 2 days and cells were harvested at the end of 

culture using 5 mM EDTA in phosphate buffer saline (PBS). Cells were confirmed 

to be of macrophage/monocyte lineage by cell surface staining with anti-CD11b and 

anti-Mac1 mAbs and by analysis using flow cytometry. More than 95% were found 

to be CD11b+ and Mac1+. RAW264.7 cell line was obtained from American Type 

Culture Collection (Manassas, VA) and maintained in RPMI 1640 media 

supplemented with 10% fetal bovine serum, 100 μM gentamycin and L-glutamine. 
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Reagents and antibodies 

 LPS from Escherichia coli O26:B6, polyinosinic:polycytidylic acid were 

purchased from Sigma-Aldrich (St. Louis, MO). Synthetic TLR2 agonist Pam3Cys 

lipopeptide was purchased from EMC microcollections GmbH (Germany). TLR 

agonist CpG DNA has been described elsewhere [40]. Mouse r-IFNγ was purchased 

from R&D Systems (Minneapolis, MN) and kept at �80°C. The γ-secretase inhibitor, 

IL-CHO, has been described elsewhere [22]. IL-CHO was dissolved in DMSO at a 

concentration of 5 mM and aliquots were kept at �80°C. TriZol reagent for total 

RNA isolation was purchased from Life Technologies (Grand Island, NY). The mAb 

for cell surface staining, i.e. FITC-conjugated anti-Mac1 mAb, PE-conjugated anti-

CD11b, mAb and biotinylated anti-mouse MHC class II (IAb) mAb were purchased 

from Caltag (Carlsbad, CA). Rabbit polyclonal Ab against Notch1 was purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal Ab against 

cleaved Notch1 (Val1744) was purchased from Cell Signaling Technology (Boston, 

MA). The mAb against βactin was purchased from Chemicon International 

(Temecula, CA). Secondary Ab conjugated with HRP was purchased from 

Amersham Biosciences (Piscataway, NJ). 

 

RT-PCR 

 Total RNA was isolated from cells treated as indicated using TriZol reagent 

according to the manufacturer�s instruction. RNA (500 ng) was used to generate 
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cDNA using random hexamer primers and RevertAid M-MuLV reverse transcriptase 

(Fermetas; ON, Canada). Obtained cDNAs were used as templates to amplify 

Notch1-4, Hes1, IL-6, IL-10 and β-actin. The primer pairs used in this study are as 

follows. 

Primer Sequence (5� to 3�) 

Murine Notch1forward GTGAGGGTGATGTCAATG 

Murine Notch1 reverse TGAAGTTGAGGGAGCAGT 

Murine Notch2 forward TGGAGGTAAATGAATGCCAGAGC 

Murine Notch2 reverse TGTAGCGATTGATGCCGTCC 

Murine Notch3 forward ACACTGGGAGTTCTCTGT 

Murine Notch3 reverse GTCTGCTGGCATGGGATA 

Murine Notch4 forward CACCTCCTGCCATAACACCTTG 

Murine Notch4 reverse ACACAGTCATCTGGGTTCATCTCAC 

Murine Hes1 forward CCGGTCTACACCAGCAACAGT 

Murine Hes1 reverse CACATGGAGTCCGAAGTGAGC 

Murine IL-6 forward CATGTTCTCTGGGAAATCGTGG 

Murine IL-6 reverse AACGCACTAGGTTTGCCGAGTA 

Murine IL-10 forward TCAAACAAAGGACCAGCTGGACAACATACTGC 

Murine IL-10 reverse CTGTCTAGGTCCTGGAGTCCAGCAGACTCAA 

β actin forward ACCAACTGGGACGACATGGAGAA 
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β actin reverse GTGGTGGTGAAGCTGTAGCC 

The PCR reactions were carried out using Taq DNA polymerase (Fermentas). 

The PCR products were analyzed on 1.5% agarose gel by electrophoresis, except 

those for Hes1 which were analyzed on 5% polyacrylamide gel, and visualized after 

staining with ethidium bromide using gel documentation system (BioRad; Hercules, 

CA). 

 

Western blot 

 Cells treated as indicated were harvested and cell lysates were prepared as 

described previously [14]. Amounts of proteins were measured using BCA protein 

assay kit (Pierce; Rockford, IL). Cell lysates (30 μg) were separated on 8% sodium 

dodecyl sulfate polyacrylamide gel electrophoresis using Protein III system (Bio-

Rad). After gel separation, proteins were transferred onto PVDF membrane 

(Amersham Biosciences) and blocked in PBS containing 3% nonfat dry milk and 

0.05% Tween 20. Blots were probed with rabbit anti-Notch1 Ab at 1:1000 dilution, 

rabbit anti-cleaved Notch1 Ab at 1:1000 dilution or anti-βactin mAb at 1:5000 

dilution, followed by washing and probing with HRP-conjugated donkey anti-rabbit 

IgG Ab or sheep anti-mouse IgG Ab at 1:4000 dilution. After washing, signals were 

detected using ECL Western blotting analysis system (Amersham Biosciences). 
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Measurement of nitrites 

 To measure the amount of NO produced by macrophages, BM-derived 

macrophages were treated as indicated. At the end of culture, culture supernatants 

were harvested by centrifugation and kept at �80°C. Culture supernatants were 

subjected to assay for NO production using Griess reagents as described previously 

[41].  

 

Measurement of TNFαααα by ELISA 

 Quantitative ELISA was carried out using mouse TNFα ELISA test kit 

purchased from eBioscience (San Diego, CA). Culture supernatants were collected 

after treating cells as indicated and kept at �80°C until subjecting to ELISA. ELISA 

was carried out according to manufacturer�s instructions. 

 

Statistical analysis 

 To calculate the statistical differences between control and samples, 

Student�s paired t-test was used. Values of p<0.05 were considered significant. 

Page 20 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

21

Acknowledgements

The authors wish to thank Dr. Sathit Pichayangkul for sharing reagents and 

Kristine Hagens for her excellent technical assistance. This work was supported in 

part by research grants to T.P. from Thailand Research Fund, Third World Academy 

of Sciences and German Academic Exchange Service (DAAD).

Page 21 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

22

References

1 Janeway, C. A., Jr. and Medzhitov, R., Innate immune recognition. Annu 

Rev Immunol 2002. 20: 197-216. 

2 Akira, S., Takeda, K. and Kaisho, T., Toll-like receptors: critical proteins 

linking innate and acquired immunity. Nat Immunol 2001. 2: 675-680. 

3 Kawai, T. and Akira, S., TLR signaling. Cell Death Differ 2006.

4 Radtke, F., Wilson, A., Mancini, S. J. and MacDonald, H. R., Notch 

regulation of lymphocyte development and function. Nat Immunol 2004. 5:

247-253. 

5 Maillard, I., Fang, T. and Pear, W. S., Regulation of lymphoid 

development, differentiation, and function by the Notch pathway. Annu Rev 

Immunol 2005. 23: 945-974. 

6 Radtke, F., Wilson, A., Stark, G., Bauer, M., van Meerwijk, J., 

MacDonald, H. and Aguet, M., Deficient T cell fate specification in mice 

with an induced inactivation of Notch1. Immunity 1999. 10: 547-558. 

7 Amsen, D., Blander, J. M., Lee, G. R., Tanigaki, K., Honjo, T. and 

Flavell, R. A., Instruction of distinct CD4 T helper cell fates by different 

notch ligands on antigen-presenting cells. Cell 2004. 117: 515-526. 

8 Minter, L. M., Turley, D. M., Das, P., Shin, H. M., Joshi, I., Lawlor, R. 

G., Cho, O. H., et al. , Inhibitors of gamma-secretase block in vivo and in 

Page 22 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

23

vitro T helper type 1 polarization by preventing Notch upregulation of Tbx21. 

Nat Immunol 2005. 6: 680-688. 

9 Ohishi, K., Katayama, N., Shiku, H., Varnum-Finney, B. and Bernstein, 

I. D., Notch signalling in hematopoiesis. Semin Cell Dev Biol 2003. 14: 143-

150. 

10 Schroeder, T. and Just, U., Notch signalling via RBP-J promotes myeloid 

differentiation. Embo J 2000. 19: 2558-2568. 

11 Yamaguchi, E., Chiba, S., Kumano, K., Kunisato, A., Takahashi, T. and 

Hirai, H., Expression of Notch ligands, Jagged1, 2 and Delta1 in antigen 

presenting cells in mice. Immunol Lett 2002. 81: 59-64. 

12 Singh, N., Phillips, R. A., Iscove, N. N. and Egan, S. E., Expression of 

notch receptors, notch ligands, and fringe genes in hematopoiesis. Exp 

Hematol 2000. 28: 527-534. 

13 Nomaguchi, K., Suzu, S., Yamada, M., Hayasawa, H. and Motoyoshi, K., 

Expression of Jagged1 gene in macrophages and its regulation by 

hematopoietic growth factors. Exp Hematol 2001. 29: 850-855. 

14 Palaga, T., Miele, L., Golde, T. E. and Osborne, B. A., TCR-mediated 

Notch signaling regulates proliferation and IFN-gamma production in 

peripheral T cells. J Immunol 2003. 171: 3019-3024. 

15 Anastasi, E., Campese, A. F., Bellavia, D., Bulotta, A., Balestri, A., 

Pascucci, M., Checquolo, S., et. al., Expression of activated Notch3 in 

Page 23 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

24

transgenic mice enhances generation of T regulatory cells and protects 

against experimental autoimmune diabetes. J Immunol 2003. 171: 4504-4511. 

16 Benson, R. A., Adamson, K., Corsin-Jimenez, M., Marley, J. V., Wahl, K. 

A., Lamb, J. R. and Howie, S. E., Notch1 co-localizes with CD4 on 

activated T cells and Notch signaling is required for IL-10 production. Eur J 

Immunol 2005. 35: 859-869. 

17 Monsalve, E., Perez, M. A., Rubio, A., Ruiz-Hidalgo, M. J., Baladron, V., 

Garcia-Ramirez, J. J., Gomez, J. C., Laborda, J. and Diaz-Guerra, M. J., 

Notch-1 up-regulation and signaling following macrophage activation 

modulates gene expression patterns known to affect antigen-presenting 

capacity and cytotoxic activity. J Immunol 2006. 176: 5362-5373. 

18 Shimizu, K., Chiba, S., Saito, T., Kumano, K., Hamada, Y. and Hirai, H., 

Functional diversity among Notch1, Notch2, and Notch3 receptors. Biochem 

Biophys Res Commun 2002. 291: 775-779. 

19 Kitamoto, T., Takahashi, K., Takimoto, H., Tomizuka, K., Hayasaka, M., 

Tabira, T. and Hanaoka, K., Functional redundancy of the Notch gene 

family during mouse embryogenesis: analysis of Notch gene expression in 

Notch3-deficient mice. Biochem Biophys Res Commun 2005. 331: 1154-1162. 

20 Stout, R. D., Jiang, C., Matta, B., Tietzel, I., Watkins, S. K. and Suttles, 

J., Macrophages sequentially change their functional phenotype in response 

to changes in microenvironmental influences. J Immunol 2005. 175: 342-349. 

Page 24 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

25

21 Takeda, K. and Akira, S., Toll-like receptors in innate immunity. Int 

Immunol 2005. 17: 1-14. 

22 McLendon, C., Xin, T., Ziani-Cherif, C., Murphy, M. P., Findlay, K. A., 

Lewis, P. A., Pinnix, I., et. al., Cell-free assays for gamma-secretase activity. 

Faseb J 2000. 14: 2383-2386. 

23 Mizutani, T., Taniguchi, Y., Aoki, T., Hashimoto, N. and Honjo, T., 

Conservation of biochemical mechanisms of signal transduction among 

mammalian Notch family members. Proc Natl Acad Sci USA 2001. 98: 9026-

9031. 

24 Doerfler, P., Shearman, M. and Perlmutter, R., Presenilin-dependent γ-

secretase activity modulates thymocytes development. Proc. Natl. Acad. Sci. 

USA 2001. 98: 9312-9317. 

25 Cheng, P., Zlobin, A., Volgina, V., Gottipati, S., Osborne, B., Simel, E. J., 

Miele, L. and Gabrilovich, D. I., Notch-1 regulates NF-kappaB activity in 

hemopoietic progenitor cells. J Immunol 2001. 167: 4458-4467. 

26 Jonsson, J. I., Xiang, Z., Pettersson, M., Lardelli, M. and Nilsson, G., 

Distinct and regulated expression of Notch receptors in hematopoietic 

lineages and during myeloid differentiation. Eur J Immunol 2001. 31: 3240-

3247. 

Page 25 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

26

27 Cheng, P., Nefedova, Y., Miele, L., Osborne, B. A. and Gabrilovich, D., 

Notch signaling is necessary but not sufficient for differentiation of dendritic 

cells. Blood 2003. 102: 3980-3988. 

28 Milner, L. A., Bigas, A., Kopan, R., Brashem-Stein, C., Bernstein, I. D. 

and Martin, D. I., Inhibition of granulocytic differentiation by mNotch1. 

Proc Natl Acad Sci U S A 1996. 93: 13014-13019. 

29 Bigas, A., Martin, D. I. and Milner, L. A., Notch1 and Notch2 inhibit 

myeloid differentiation in response to different cytokines. Mol Cell Biol 1998. 

18: 2324-2333. 

30 Kannabiran, C., Zeng, X. and Vales, L. D., The mammalian transcriptional 

repressor RBP (CBF1) regulates interleukin-6 gene expression. Mol Cell Biol 

1997. 17: 1-9. 

31 Shin, H. M., Minter, L. M., Cho, O. H., Gottipati, S., Fauq, A. H., Golde, 

T. E., Sonenshein, G. E. and Osborne, B. A., Notch1 augments NF-kappaB 

activity by facilitating its nuclear retention. Embo J 2006. 25: 129-138. 

32 Palmieri, M., Sasso, M. P., Monese, R., Merola, M., Faggioli, L., Tovey, 

M. and Furia, A., Interaction of the nuclear protein CBF1 with the kappaB 

site of the IL-6 gene promoter. Nucleic Acids Res 1999. 27: 2785-2791. 

33 Berlato, C., Cassatella, M. A., Kinjyo, I., Gatto, L., Yoshimura, A. and 

Bazzoni, F., Involvement of suppressor of cytokine signaling-3 as a mediator 

Page 26 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

27

of the inhibitory effects of IL-10 on lipopolysaccharide-induced macrophage 

activation. J Immunol 2002. 168: 6404-6411. 

34 Qasimi, P., Ming-Lum, A., Ghanipour, A., Ong, C. J., Cox, M. E., Ihle, J., 

Cacalano, N., Yoshimura, A. and Mui, A. L., Divergent mechanisms 

utilized by SOCS3 to mediate interleukin-10 inhibition of tumor necrosis 

factor alpha and nitric oxide production by macrophages. J Biol Chem 2006. 

281: 6316-6324. 

35 Saraiva, M., Christensen, J. R., Tsytsykova, A. V., Goldfeld, A. E., Ley, S. 

C., Kioussis, D. and O'Garra, A., Identification of a macrophage-specific 

chromatin signature in the IL-10 locus. J Immunol 2005. 175: 1041-1046. 

36 Ando, K., Kanazawa, S., Tetsuka, T., Ohta, S., Jiang, X., Tada, T., 

Kobayashi, M., et. al., Induction of Notch signaling by tumor necrosis factor 

in rheumatoid synovial fibroblasts. Oncogene 2003. 22: 7796-7803. 

37 Nakazawa, M., Ishii, H., Nakamura, H., Yoshino, S. I., Fukamizu, A., 

Nishioka, K. and Nakajima, T., NFkappaB2 (p52) promoter activation via 

Notch signaling pathway in rheumatoid synoviocytes. Int J Mol Med 2001. 7:

31-35. 

38 Adachi, O., Kawai, T., Takeda, K., Matsumoto, M., Tsutsui, H., 

Sakagami, M., Nakanishi, K. and Akira, S., Targeted disruption of the 

MyD88 gene results in loss of IL-1- and IL-18-mediated function. Immunity 

1998. 9: 143-150. 

Page 27 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

28

39 Coligan, J., Kruisbeek, A., Margulies, D., Sheevach, E. and Strober, W. 

(Eds.), Current Protocols in Immunology. John Wiley & Sons, New York 

2001. 

40 Pichyangkul, S., Yongvanitchit, K., Kum-arb, U., Krieg, A. M., Heppner, 

D. G. and Walsh, D. S., Whole blood cultures to assess the 

immunostimulatory activities of CpG oligodeoxynucleotides. J Immunol 

Methods 2001. 247: 83-94. 

41 Shio, M. T., Ribeiro-Dias, F., Timenetsky, J. and Jancar, S., PAF is 

involved in the Mycoplasma arthritidis superantigen-triggering pathway for 

iNOS and COX-2 expression in murine peritoneal cells. Exp Cell Res 2004. 

298: 296-304. 

 

Page 28 of 37

Wiley - VCH

European Journal of Immunology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

29

Figure Legends 

Figure 1. Expression profiles of Notch1-4 and Hes1 in activated macrophages. 

A�B. RAW264.7 or BM macrophages were treated with LPS (100 ng/ml), rIFNγ (10 

ng/ml) or LPS plus rIFNγ and total RNA was isolated at indicated times. 

Expressions of Notch 1-4 were analyzed by RT-PCR. The β actin was used as 

loading control. 

C.  RAW264.7 cells were treated with LPS or LPS plus rIFNγ for indicated times 

and total RNA was isolated. Hes1 expression was analyzed by RT-PCR. 

 

Figure 2. Notch1 is upregulated in macrophages stimulated with IFNγ and LPS.  

A.  BM macrophages were left untreated or treated with LPS (100 ng/ml), rIFNγ

(10 ng/ml) or LPS plus rIFNγ for 18 h. Cell lysates were analyzed for Notch1 

expression by Western blot. The β actin was used as loading control. 

B.  BM macrophages were left untreated or treated with rIFNγ (10 ng/ml) alone, 

LPS (100 ng/ml) alone for 12 h. For co-treatment with LPS plus rIFNγ,

macrophages were pretreated with LPS (100 ng/ml) for 4 h and rIFNγ was 

added and incubated for a further 8 h, or pretreated with rIFNγ (10 ng/ml) for 4 

h and LPS was added and further incubated for 8 h. Cell lysates were analyzed 

for Notch1 expression by Western blot. The β actin was used as loading control. 

 

Figure 3. TLR agonists upregulate Notch1 expression in activated macrophages. 
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BM macrophages were treated with LPS (100 ng/ml) (A), poly I:C (100 μg/ml) (B), 

Pam3Cys lipopeptide (1 μg/ml) (C) or CpG DNA (500 ng/ml) (D) for indicated 

times and cell lysates were analyzed for Notch1 expression by Western blot. The β

actin was used as loading control. 

 

Figure 4. Upregulation of Notch1 in MyD88-/- BM. 

BM macrophages from C57BL6 WT mice or MyD88-/- mice were stimulated with 

LPS (A) or Pam3Cys lipopeptide (B) for indicated times. Cell lysates were analyzed 

for Notch1 expression by Western blot. 

 

Figure 5. Effects of GSI treatment on Notch1 expression and morphology of 

macrophages. 

A�B.BM macrophages were pretreated with IL-CHO or DMSO mock control for 1 h, 

and treated with LPS (100 ng/ml) plus rIFNγ (10 ng/ml) for 18 h. Cell lysates 

were analyzed expression of cleaved Notch 1 (A) or Notch1 (B) by Western 

blot. The β actin was used as loading control 

C.  Morphology of BM macrophages treated as described above for 36 h. 

 

Figure 6. Effects of GSI treatment on production of cytokines and NO and 

expression of MHC class II in macrophages. 
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A. BM macrophages were pretreated with mock control DMSO or IL-CHO (25 

μM) for 1 h before stimulation with LPS and rIFNγ for indicated periods. 

Total RNA was isolated and expressions of IL6, IL-10 were analyzed using 

RT-PCR. Expression of β-actin was used as loading control. 

B. BM macrophages were treated as described in A and culture supernanats 

were harvested at 6 h, 12 h and 24 h. The amount of TNFα in culture 

supernatant was measured by ELISA. The results shown are representative of 

two independent experiments carried out in duplicate. (*p<0.05 between 

DMSO-treated and IL-CHO-treated samples). 

C. BM macrophages were pretreated as described in B. Culture supernatants 

were harvested and subjected to the assays for nitrite production using Griess 

reaction. The results correspond to representatives of the means ± SD of 

triplicate experiments. (*p<0.05 between DMSO-treated and IL-CHO-treated 

samples). 

D. BM macrophages were treated as described in B for 24 h and cells were 

harvested and stained using biotinylated anti-MHC class II (I-Ab) and avidin-

FITC. Expression of MHC class II was analyzed by flow cytometry. 
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