






fragment]–PE (Cell Signaling Technology, Danvers, MA). The cells were
observed under an inverted fluorescent microscope or a confocal micro-
scope.

Real-time PCR

BMDMs were activated as above for 4 h. Total RNAwas isolated using an
RNAqueous kit (Ambion, Austin, TX). cDNA was synthesized, and tran-
scripts were amplified by a quantitative PCR Stratagene Mx3000P. Primer
sequences were as follows: Il23p19, forward, 59-AGC GGG ACA TAT
GAA TCT ACT AAG AGA-39, reverse, 59-GTC CTA GTA GGG AGG
TGT GAA GTT G-39; Il12p40, forward, 59-AAC CTC ACC TGT GAC
ACG CC-39, reverse, 59-CAA GTC CAT GTT TCT TTG CAC C-39; ar-
ginase 1, forward, 59-CAG AAG AAT GGA AGAGTC AG-39, reverse, 59-
CAG ATA TGC AGG GAG TCA CC-39; and b-actin, forward, 59-ACC
AAC TGG GAC GAC ATG GAG AA-39, reverse, 59-GTG GTG GTG
AAG CTG TAG CC-39. The expression of each gene was normalized to
the expression of b-actin by the 22�� CT method.

Adoptive transfer of activated macrophages and EAE disease
score evaluation

BMDMs obtained from control, N1KO, and CSL/RBP-Jk mice were ac-
tivated as described above for 30 min. The cells were washed three times
using warm PBS and the cell number was adjusted to 2 3 106 cells in 200
ml PBS. Two hundred microliters activated BMDMs or PBS was injected
i.p. into naive C57BL/6 mice. After 4 h, EAE induction emulsion Hooke
Kits (Hooke Laboratories, Lawrence, MA) were administered into the
flanks of the animals according to the manufacturer’s instructions. Per-
tussis toxin was injected i.p. at both 2 and 24 h after immunization. The
progression and the severity of EAE were monitored and scored from 0 to
5 as follows: 0, no disease; 1, limp tail; 2, hindlimb weakness; 3, hindlimb
paralysis; 4, hind- and forelimb paralysis; 5, morbidity and death. The data
are reported as the mean daily clinical score (14). The mice that received
WT and N1KO macrophages were euthanized during the peak of the
disease (days 15–16 postimmunization) and their spleens were collected.

Splenocytes were cultured at 37˚C with medium alone or with different
concentrations of myelin oligodendrocyte glycoprotein (MOG)35–55 Ag
(Hooke Laboratories) for 3 d. The culture supernatants from the restimu-
lated splenocytes were evaluated by ELISA for the detection of IL-17 and
IFN-g as described above. In some experiments, the EAE-induced mice
were monitored for 27–28 d. GM-CSF was detected from restimulated
splenocytes by ELISA and intracellular cytokine staining as described
above.

Coculture of T cells and macrophages

CD4+ T cells were negatively isolated from the spleen of 2D2 TCR
transgenic mice by a mouse CD4 T lymphocyte enrichment set–DM (BD
Biosciences) according to the manufacturer’s instructions. WT and N1KO
BMDMs (2 3 105 cells) were plated in 48-well plates and activated as
described above for 2 h. CD4+ T cells (5 3 105 cells) were added to each
well in RPMI 1640 (Hyclone) supplemented with 10% FCS (Life Tech-
nologies), HEPES (Lonza), penicillin/streptomycin (Lonza), and 2-ME
(Sigma-Aldrich) in the presence of 150 mg/ml MOG35–55 peptide. Five
days following the primary stimulation, cells were washed and 5 3 105

CD4+ T cells were stimulated in 48-well plates coated with 1 mg/ml anti-
CD3 Ab and incubated for 24 h. Culture supernatants from secondary
stimulation conditions were collected and IL-17, IFN-g, IL-10, and IL-12
were detected by ELISA.

Tracking macrophages after adoptive transfer

To observe trafficking of BMDMs after adoptive transfer, 23 106 BMDMs
from WT and N1KO mice were labeled using a CellTrace CFSE cell
proliferation kit (Invitrogen) according to the manufacturer’s instruc-
tions for adherent cells overnight before activation and following EAE
induction. Four hours after the first pertussis toxin injection, cells from
fluids of peritoneal cavity, spleens, omentum, and lymph nodes were
collected. Omentum and lymph nodes were digested by collagenase
type IV (Invitrogen). Cells were stained and gated on the CD11b+

population.

FIGURE 1. Adoptive transfer of N1KO, but not CSL/RBP-Jk KO, macrophages delays the onset and severity of diseases in EAEmodel. (A) Experimental design for

BMDM transfer in EAE mice. (B) Mean clinical scores in EAE mice receiving WT BMDMs, N1KO BMDMs, or PBS for 15 d. **p, 0.05. (C and D) Mean clinical

scores in EAE mice receiving WT BMDMs, N1KO BMDMs, CSL/RBP-Jk KO BMDMs, or PBS. The clinical scores were monitored for 27–28 d. **p , 0.05.
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Statistical analysis

Statistical analyses were performed using SPSS version 15.0 and GraphPad
Prism version 5.0. A one-way ANOVA (a = 0.05) was used when com-
paring two conditions.

Results
Adoptive transfer of activated macrophages lacking Notch1,
but not CSL/RBP-Jk, decreases severity and delays onset of
diseases in the EAE model

Macrophages have been identified as one of the effector cells that
play a critical role in EAE (17). The adoptive transfer of macro-
phages activated with LPS with an immune complex that pre-
dominantly produces IL-10 in an EAE model resulted in delaying
onset of disease and decreasing disease severity (19). Notch sig-
naling is involved in the activation of macrophages and regulates
the production of cytokines such as IL-6, IL-12p70, and IL-10
(20–23, 30), which are produced during EAE inflammation. Fur-
thermore, the involvement of Notch signaling in regulating disease
severity in the EAE model by using GSI was demonstrated (13,
14). For these reasons, we hypothesized that Notch1 in macro-
phages may play a crucial role in regulating disease outcome in
the EAE model. BMDMs that were generated from conditional
N1KO and control WT mice were used in this study. CSL/RBP-Jk,
a gene encoding a DNA-binding protein that plays a central role in
the canonical Notch signaling pathway, was also deleted in mac-
rophages and used in the transfer experiment. The expression of
two macrophage markers, CD11b and F4/80, were equivalent in
the N1KO, CSL/RBP-Jk, and WT control BMDMs, suggesting that
the loss of Notch1 or CSL/RBP-Jk did not interfere with macro-
phage differentiation (Supplemental Figs. 1A, 2B). The loss of ex-
pression of Notch1 or CSL/RBP-Jk in the N1KO or CSL/RBP-Jk KO
macrophages was confirmed by Western blot (Supplemental Figs.
1B, 2C) and flow cytometry (Supplemental Fig. 1C, 1D). BMDMs
from the WT or conditional KO mice were activated by IFN-g/LPS
for 30 min in vitro before adoptive transfer by i.p. injection into the
WT recipients 4 h prior to EAE induction (Fig. 1A). We observed a
significant delay in the onset of the disease and a decrease in disease
severity in the animals that received activated N1KO macrophages,
compared with those receiving activated WT macrophages or PBS
control (Fig. 1B, 1C). In contrast, no difference in the onset or the
severity of diseases was found between animals receiving CSL/
RBP-Jk KO macrophages and those of the control (Fig. 1D). These
data indicated that Notch1 expression in transferred macrophages
influences EAE outcome but the expression of CSL/RBP-Jk in
macrophages is dispensable for this effect.
Because Notch signaling in macrophages is required for the

optimal production of IL-12p40/70 and IL-6 and Il23p19 mRNA,
which are involved in Th cell polarization, and because EAE is a
Th1/Th17-driven autoimmune disease, we hypothesized that Notch1
in macrophages could influence the response of Th1 and/or Th17 in
EAE by affecting IFN-g and IL-17 production. Splenocytes from
mice that received an adoptive transfer of N1KO macrophages and
EAE induction were restimulated with the MOG35–55 peptides
in vitro and the levels of IL-17 and IFN-g were measured in the
culture supernatant by ELISA. We found that the level of IL-17
decreased significantly in the MOG35–55 peptide–stimulated spleno-
cytes from animals that received activated N1KO macrophages,
compared with those from the control mice (Fig. 2A). Surprisingly,
IFN-g levels were not different between the two groups (Fig. 2B).
Recent evidence pointed to the pathogenic role of GM-CSF–
producing CD4+ T cells in autoimmunity (31, 32). In the restimu-
lation assay with MOG35–55 peptides of splenocytes from mice
receiving control or N1KO macrophages, no differences were found

in the percentages of CD4+ T cells with GM-CSF or secreted
GM-CSF (Supplemental Fig. 3A, 3B).
To address whether transferred macrophages trafficked differ-

ently, we detected the appearance of macrophages labeled with
fluorescent dye upon transfer for 10 h. As shown in Supplemental
Fig. 3C, most transferred macrophages were found to migrate to
omentum or to remain in the peritoneal fluids. More importantly,
no significant differences in the appearance of transferred mac-
rophages in tested tissues were found between control and N1KO
macrophages. These data imply that the transfer of Notch1-deficient
activated macrophages affects the onset and progression of EAE,
possibly through its influence on the activation of a Th17-type but
not a Th1-type response, and CSL/RBP-Jk in activated macro-
phages is dispensable for this effect.

Notch1 is dispensable for IL-12p40/70 production in
IFN-g/LPS–activated BMDMs

Notch signaling has been shown to regulate IL-12p40/70 pro-
duction, and Notch1 is especially important for the regulation
Il12p35 (Il12a) and p40 (Il12b) mRNA expression in LPS-activated
macrophages (30). Based on the results obtained in this study in
the EAE model, we asked specifically whether Notch1 is impor-
tant for IL-12p40/70 production in IFN-g/LPS–activated macro-
phages. BMDMs that were generated from conditional N1KO and
WT mice were activated with IFN-g and LPS, and IL-12p40/70
was detected by intracellular cytokine staining. Surprisingly, there
was no significant difference in either the percentage of IL-12p40/
70+ cells or the mean fluorescence intensity (MFI) between N1KO
BMDMs and the control BMDMs upon activation with IFN-g/LPS
(Fig. 3A, 3B). Moreover, there was no significant difference in
the level of IL-12p40/70 production detected in the culture super-
natants by ELISA from IFN-g/LPS–activated N1KO BMDMs com-
pared with those from the control BMDMs at any time points
tested (Fig. 3C). Next, we examined whether activity of the
g-secretase in N1KO macrophages could be involved in IL-12p40/70

FIGURE 2. Adoptive transfer of N1KO macrophages affects Th cell re-

sponse in restimulation assay. Splenocytes from animals (n = 6/group) were

collected after 15 d of EAE induction and restimulated by using MOG35–55

peptide (10 and 50 mg/ml) and cultured for 3 d. The supernatants were then

measured for IL-17 (A) and IFN-g (B) by ELISA. **p , 0.05.
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production in IFN-g/LPS–activated N1KO BMDMs using GSI
treatment. The reduction of cleaved Notch1 in GSI-treated WT
BMDMs was confirmed by Western blot (Supplemental Fig. 2A).
We found that the levels of IL-12p40/70 were similarly reduced
upon GSI treatment in both N1KO and the control BMDMs, con-
sistent with our previous results (Fig. 3D). These results implied
that Notch1 is dispensable for optimal IL-12p40/70 production in
IFN-g/LPS–activated macrophages, and other g-secretase sub-
strates, perhaps other Notch receptors, may be essential for this
regulation.

Production of IL-12p40/70 in macrophages partially depends
on the canonical Notch signaling pathway

Because g-secretase has other target substrates besides the Notch
receptors, the involvement of Notch in regulating IL-12p40 pro-
duction cannot be addressed by the use of GSI. To address whether
canonical Notch signaling is important for IL-12p40/70 produc-
tion elicited by IFN-g and LPS stimulation, BMDMs from con-
ditional CSL/RBP-Jk KO mice and control mice were used and
the results were compared with GSI treatment in WT BMDMs.
The production of IL-12p40/70 in the WT BMDMs that were
treated with GSI showed a significant reduction in both the MFI
and the percentage of IL-12p40/70+ cells (Fig. 4A), compared
with the vehicle control–treated BMDMs, consistent with the
previous report (23). A similar trend in the reduction in IL-12p40/
70 was observed in IFN-g/LPS–activated CSL/RBP-Jk KO BMDMs
(Fig. 4B–D). These results strongly suggest that the activity of
g-secretase and the canonical Notch signaling via CSL/RBP-Jk

are required for the optimal production of IL-12p40/70 in
macrophages.

Defect in c-Rel nuclear translocation in IFN-g/LPS–activated
macrophages requires CSL/RBP-Jk but not Notch1

The production of IL-12p40/70 in activated BMDMs was shown to
be partially c-Rel–dependent (33). In our previous study, we found
that GSI treatment in WT BMDMs affected the nuclear translo-
cation of c-Rel upon stimulation with IFN-g/LPS (23). The acti-
vation of BMDMs from CSL/RBP-Jk KO mice showed a reduction
in c-Rel nuclear accumulation as detected by immunofluorescence
staining whereas BMDMs from N1KO mice showed intense nu-
clear localization of c-Rel upon activation similar to those from
the WT mice (Fig. 5). The pattern of c-Rel nuclear localization
correlated well with the level of IL-12p40/70 production, which
implied that the production of IL-12p40/70 in IFN-g/LPS–activated
BMDMs requires canonical Notch signaling, but not Notch1, in a
c-Rel–dependent manner.

Reduced IL-6 production and CD80 expression in N1KO
activated macrophages

Based on the phenotypic results from the mice in the EAE ex-
periments described above and from in vitro restimulation with the
MOG peptides, we hypothesized that other cytokines or costim-
ulatory molecules that were produced or expressed by activated
N1KO macrophages could be compromised, resulting in decreased
IL-17 production in an EAE setting. We investigated IL-6 and
IL-10 production and Il23p19 mRNA expression in N1KO

FIGURE 3. Notch1 is dispensable for IL-12p40/70 production in IFN-g/LPS–activated BMDMs. (A) BMDMs from WT control or N1KO mice were

activated with IFN-g/LPS for 6 h, and the level of IL-12p40/70 was measured by intracellular cytokine staining. (B) The percentages of F4/80+/IL-12p40/

70+ cells and MFI for IL-12p40/70 in F4/80+/IL-12p40/70+ population in each condition described in (A) is shown (n = 3–4 animals/group). (C) The amount

of IL-12p40/70 production was determined in the culture supernatants at the indicated time points by ELISA. (D) WT and N1KO BMDMs were stimulated

with IFN-g/LPS for 24 h in the presence of vehicle control DMSO or GSI (25 mM). The amount of IL-12p40/70 in the culture supernatants was measured

by ELISA. All data are representative of three independent experiments. **p , 0.05. N.D., not detectable.

The Journal of Immunology 5341

 by guest on February 16, 2017
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1401770/-/DCSupplemental
http://www.jimmunol.org/


BMDMs upon activation, all of which have been shown to play
roles in EAE and to be involved in regulatory T cell/Th17 po-
larization (34, 35). As shown in Fig. 6A, a significant reduction in
the percentages of IL-6–producing cells was observed upon acti-
vation, which is consistent with our previous report that Notch
signaling partially regulates IL-6 (21, 22). However, no difference
in IL-10 production and Il23p19 mRNA expression was found
between the N1KO and WT BMDMs (Fig. 6B, 6C). We further
determined the expression of costimulatory molecules that had
been reported to be important in the EAE model and that are in-
volved in T cell activation (19). Among the cell surface molecules
tested, the level of a costimulatory molecule, CD80, was found to
be reduced in the N1KO BMDMs (Fig. 6D).
Because transferring of RBP-Jk KO macrophages did not affect

the severity of EAE as observed in transfer of N1KO macro-
phages, we hypothesized that those molecules that are affected by
Notch1 deficiency and play a key role in EAE severity should
remain unaffected in RBP-Jk KO macrophages. Indeed, as shown
in Fig. 6E, the percentages of IL-6+ cells are similar in WT and
RBP-Jk KO macrophages. Additionally, the expression of CD86
and MHC class II increased whereas the level of CD80 was lower
in RBP-Jk KO macrophages (Fig. 6F).
To further investigate whether N1KO macrophages dictate im-

mune response of Th cells, an in vitro coculture of activated mac-
rophages and MOG35–55-specific TCR transgenic CD4+ T cells was

performed. As shown in Supplemental Fig. 4A–C, coculture of
naive CD4+ T cells with IFN-g/LPS–activated N1KO macrophages
in the presence of MOG peptide resulted in reduced IFN-g and
IL-10 production from T cells in the secondary stimulation with
plate-bound anti-CD3 Ab. IL-17 was undetectable in the culture
supernatant of stimulated T cells in all conditions (data not shown).
Because polarization of the Th17 response requires several cyto-
kines, including TGF-b, IL-23, together with IL-6, it is likely that
an in vitro condition may be insufficient to polarize CD4+ T cells to
Th17. This result indicates that Notch1 expression in activated
macrophages plays an important role in dictating the optimal
CD4+ T cell response. It remains to be investigated whether N1KO
macrophages affect other aspects of T cell response such as mi-
gration.
Taken together, these data suggest that a reduction in IL-17 in

MOG35–55-restimulated splenocytes from the mice that received
activated N1KO macrophages together with the reduction in the
costimulatory molecule, CD80, and IL-6 in N1KO macrophages
may interfere with the optimal immune response overall and
culminate in reducing the onset and progression of EAE.

Discussion
We used an animal model of EAE to evaluate the impact of Notch1
and CSL/RBP-Jk deficiency in macrophages on the severity of this
autoimmune inflammatory condition and showed that CSL/RBP-Jk

FIGURE 4. Effects of GSI treatment and targeted deletion of CSL/RBP-Jk on IL-12p40/70 production in IFN-g/LPS–activated BMDMs. (A) BMDMs

were stimulated with IFN-g/LPS for 6 h in the presence of vehicle control, DMSO, or GSI (25 mM). Expression of IL-12p40/70 was measured by in-

tracellular cytokine staining. (B) BMDMs from WT control or CSL/RBP-Jk KO mice were activated with IFN-g/LPS for 6 h. The level of IL-12p40/70 was

measured by intracellular cytokine staining. (C) BMDMs from WT control or N1KO mice were stimulated with IFN-g/LPS for 4 h, and the expression

Il12p40 mRNAwas determined by quantitative PCR. (D) The level of IL-12p40/70 production was detected in the culture supernatants of BMDMs treated

as described in (B) for 6 h by ELISA. **p , 0.05. N.D., not detectable.
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and the activity of g-secretase, but not Notch1, are partially in-
volved in the production of the proinflammatory cytokine IL-12p40/
70 in IFN-g/LPS–stimulated macrophages. In contrast, IL-6 pro-
duction was compromised only in N1KO macrophages. Mice that
were adoptively transferred with activated N1KO, but not CSL/
RBP-Jk KO, macrophages showed a partial reduction in the onset
and progression of EAE. We also found that IL-17 but not IFN-g
production by MOG peptide–stimulated splenocytes was compro-
mised in mice receiving activated N1KO macrophages.
Many reports have shown that Th1 and Th17 play important but

distinct roles in this disease model. IL-12 is important for Th1
differentiation whereas IL-23 is essential for maintaining the Th17
phenotype (35). In our in vitro experiments, a deficiency in Notch1
did not have any effect on the expression of IL-12p70 and Il23p19
mRNA in macrophages, but a reduction in IL-6 and CD80 was
detected. Previous data have shown that IL-23 is not essential for
Th17 differentiation, whereas IL-6 and TGF-b are involved in this
process (36), and the blockade of IL-6 can impair Th17 differ-
entiation (37). In the EAE model, it has been demonstrated that
IL-6 is important in this autoinflammatory disease; for example,
mice that are defective in IL-6 production show a resistance
phenotype to MOG peptide–induced EAE. Signaling through the
A2B adenosine receptor in APCs such as dendritic cells enhances
IL-6 production and its blockade helps improve the EAE pheno-
type (12, 38). Taken together, these data strongly implicate that
IL-6 is important for Th17 cell differentiation and plays pivotal
roles in EAE. We and others have previously shown that Notch1 is
involved in IL-6 production in activated macrophages (20, 22).
These observations, together with the findings in this study, sug-
gest that Notch1 in activated macrophages might play an important
role in regulating the outcome of T cell responses by regulating IL-6
(Th17) but not IL-12 (Th1) in the EAE model.
Coculture of activated macrophages with CD4+ T cells in the

presence of specific Ags in vitro can skew CD4+ T cells toward
Th1 or Th2, depending on the macrophage stimuli (39). In hu-
mans, LPS or LPS/IFN-g–activated macrophages skew Th cells
toward Th17 or Th1, respectively (40). In our study, coculture of
LPS/IFN-g–activated N1KO macrophages with MOG-specific TCR

transgenic CD4+ T cells resulted in decreased IFN-g and IL-10
production whereas the similar level of IL-2 was detected. More
importantly, IL-17 was undetectable in this setting. Because we
observed decreased IL-17 but not IFN-g production in a MOG-
restimulation assay of splenocytes from mice receiving N1KO
macrophages, it is possible that in an in vivo system, transferred
N1KO macrophages may influence Th cell responses by more com-
plicated mechanisms. Therefore, it remains to be determined how
Notch1 in activated macrophages is involved in determining Th1 or
Th17 responses.
In the present study, endogenous macrophages were not depleted

before the transfer of activated macrophages for the EAE study.
Previously, a similar adoptive transfer strategy using macrophages
activated by LPS and an immune complex were reported in an EAE
model. This type of macrophage produced high levels of IL-10, and
the decrease in disease severity was attributed to production of
this anti-inflammatory cytokine (19). Because the level of IL-10
produced by N1KO macrophages was similar to that of the WT
macrophages, it is unlikely that IL-10 is responsible for the de-
creased disease severity in our study.
Activated N1KO macrophages expressed less of the costimu-

latory molecule CD80. It is not clear at present how Notch sig-
naling regulates CD80 expression. Costimulatory molecules such
as CD80 (B7.1) and CD86 (B7.2) interact with CD28 on T cells;
together with signaling through MHC–TCR, such interactions are
important for T cell activation. Blockade of CD80 has been re-
ported to suppress EAE (11, 41). Furthermore, blocking CD28 re-
sults in a reduction of the CD80/CD86 ratio in APCs and decreases
EAE severity (10). In another autoinflammatory disease such as
rheumatoid arthritis, CD80 is more important for Th1 cell dif-
ferentiation than Th17 cells (42), whereas our data indicate that
Notch1 in macrophages seems to have no impact on the Th1-type
response in the EAE model. It is possible that macrophage and
T cell crosstalk was interrupted during disease induction, in ad-
dition to the roles of cytokines that were produced by transferred
macrophages on T cell polarization. Because N1KO macrophages
express less IL-6 and CD80, these defects together may have led
to decreased T cell activation/differentiation and may have resulted

FIGURE 5. Reduction of c-Rel nuclear translocation was detected in GSI treatment and CSL/RBP-Jk KO but not in N1KO macrophages. BMDMs obtained

from WT mice were pretreated with vehicle control DMSO (A and F) or GSI (25 mM) (B and G) before stimulation with IFN-g/LPS for 4 h. BMDMs from CSL/

RBP-Jk KO mice (C and H), WT control (D and I), and Notch1 KO mice (E and J) were left untreated or stimulated with IFN-g/LPS for 4 h. Localization of c-Rel

was detected using immunofluorescence staining. The data are representative of at least two independent experiments. Scale bars, 20 mm.
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in decreased disease severity in our study. Additionally, N1KO
macrophages may interfere with the activity of the endogenous
macrophages, which may influence the outcome of the disease.
Understanding behavior of transferred macrophages in vivo will

be a key piece of the puzzle to gain how adoptive transfer of N1KO
macrophages reduces EAE severity. To this end, we performed a
preliminary study tracking transferred macrophages in lymph nodes,
omentum, peritoneal exudates, and spleen (Supplemental Fig. 3C).
Transferred macrophages were found mainly in the omentum
at 10 h after transferring but no difference was found between
WT and N1KO macrophages. Further detailed analysis to pin-
point where the transferred macrophages migrate needs further
investigation.
Previous in vitro studies have demonstrated that activation of

macrophages by IFN-g and LPS triggers cleavage of Notch receptors
and the activation of Notch signaling; Notch signaling, in turn, di-
rectly or indirectly regulates production of proinflammatory cyto-
kines such as IL-6 and IL-12p40/70. Inhibition of Notch signaling
with a pharmacological inhibitor, GSI, which blocks g-secretase

activity, resulted in a reduction in IL-12p40/70. Our in vitro study
revealed that the deletion of Notch1 in macrophages did not
show any detectable effect on IL-12p40/70 production after
activation by IFN-g and LPS. These results imply that other
Notch receptors such as Notch2, which is also highly expressed
on macrophages, may play a redundant role in regulating IL-12p40
expression when Notch1 is deleted (21). In fact, we found a reduc-
tion in IL-12p40 in GSI-treated N1KO macrophages, which implies
that other Notch receptors may compensate for the loss of Notch1.
Xu et al. (30), however, reported that macrophages from Notch1+/2

mice expressed less Il12p40 than did the control WT macrophages
upon LPS stimulation, and silencing Notch2 in these macrophages
did not further reduce the level of Il12p40 mRNA, suggesting a
dispensable role for Notch2. The discrepancy on the effect of
Notch1 deletion on IL-12p40 expression between our results from
N1KO macrophages and Xu et al., who used macrophages from
Notch1 haploinsufficient mice, may be due to different approaches
in generating the Notch1 deletion and in the use of LPS in their
study versus LPS with IFN-g in our system.

FIGURE 6. Reduced IL-6 production and CD80 expression in activated N1KO macrophages. (A) BMDMs from WT control or N1KO mice were

stimulated with IFN-g/LPS for 6 h, and the production of IL-6 was detected by intracellular cytokine staining. (B) BMDMs from WT control or N1KO mice

were stimulated with IFN-g/LPS for 6 h, and the production of IL-10 was detected by intracellular cytokine staining. (C) BMDMs from WT control or

N1KO mice were stimulated with IFN-g/LPS for 4 h, and the expression Il23p19 mRNA was determined by quantitative PCR. (D) BMDMs treated as

described in (A) for 9 h were assayed for CD86, CD80, MHC class II, and PD-L1 by flow cytometry. All data are representative of at least two independent

experiments. (E) BMDMs from WT control or CSL/RBP-Jk KO mice were stimulated with IFN-g/LPS for 6 h, and the production of IL-6 was detected by

intracellular cytokine staining. The percentages of IL-6+ cells are shown (n = 3 animals/group). (F) BMDMs from WT control and CSL/RBP-Jk KO mice

treated as described in (A) for 9 h were assayed for CD86, CD80, MHC class II, and PD-L1 by flow cytometry. All data are representative of at least two

independent experiments. **p , 0.05. MHCII, MHC class II.
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Unexpectedly, adoptive transfer of activated CSL/RBP-Jk KO
macrophages did not have any impact on the onset or severity of
EAE. By comparing the cytokine production (IL-6 and IL-12p40/
70) or costimulatory molecule (CD80, CD86) expression between
N1KO and CSL/RBP-Jk KO macrophages, it was interesting to
note that only the amount of IL-6 produced by macrophages upon
in vitro activation correlates with the disease severity.
CSL/RBP-Jk can act as a transcriptional repressor in the ab-

sence of cleaved Notch receptors or as a transcriptional activator
upon forming a multiple protein complex with Notch receptors
(43). The transcriptional activation places this protein at the center
of “canonical” Notch signaling where Notch receptors are cleaved
upon ligand engagement. Recent evidence also emerged that suggests
a noncanonical and nonnuclear mechanisms of Notch signaling,
both of which are independent of the transcriptional activity of CSL/
RBP-Jk (44). Interestingly, targeted deletion of CSL/RBP-Jk in some
instances spontaneously increases the expression of genes that are
actively repressed by CSL/RBP-Jk (45). In tumor-associated mac-
rophages, loss of canonical Notch signaling confers M2-like phe-
notypes (46). In our study, we found that unstimulated CSL/RBP-Jk
KO macrophages showed mixed phenotypes, as higher mRNA level
of arginase 1 was observed, but not CD206 (Supplemental Fig. 4D,
4E). Because transfer of CSL/RBP-Jk KO macrophages did not
protect animals from EAE, it is unlikely that the switch from M1
to M2 plays a key role in our EAE study.
We observed a reduction in IL-12p40/70 upon the deletion of

CSL/RBP-Jk in macrophages, similar to the GSI treatment. How-
ever, the level of IL-12p40/70 production upon GSI treatment and
deletion of CSL/RBP-Jk showed only a partial reduction compared
with the control, suggesting that the Notch signaling pathway may
coordinate with other pathways such as NF-kB, C/EBP-b, and AP-1
in controlling the optimal production of IL-12p40/70 in IFN-g/
LPS–activated BMDMs (24). Because GSI treatment blocks both
canonical and noncanonical Notch signaling, and because deletion
of CSL/RBP-Jk affects only canonical Notch signaling, it is pos-
sible that GSI treatment and deletion of CSL/RBP-Jk may yield
different outcomes. For IL-12p40/70 expression, a similar reduc-
tion was obtained from both approaches, suggesting that canonical
Notch signaling may be responsible for IL-12p40/70 expression,
whereas Notch1 may have a redundant role in this function. Fur-
thermore, the expression of IL-6 may be regulated by noncanonical
Notch signaling because only Notch1 deletion and GSI treatment,
but not deletion of CSL/RBP-Jk, affect its production (22).
NF-kB signaling and c-Rel, in particular, possibly as a dimer

with p50 subunit, is required for Il12p40 transcription in macro-
phages (27). Indeed, we observed that CSL/RBP-Jk KO macro-
phages stimulated with IFN-g/LPS exhibited reduced c-Rel
nuclear accumulation, compared with the control WT macrophages.
This result is consistent with that observed in the GSI-treated
macrophages (23). In contrast, the activated N1KO macrophages
showed a similar c-Rel pattern as the control macrophages. How
CSL/RBP-Jk and the activity of g-secretase regulate the nuclear
translocation of c-Rel upon LPS/ IFN-g treatment needs further
investigation. In contrast, Xu et al. (30) reported in their system
that activation of CSL/RBP-Jk KO macrophages by LPS alone did
not have any effect on the activation of the NF-kB signaling pathway.
In their study, canonical Notch/RBP-Jk signaling induced the ex-
pression of a transcription factor, IFN regulatory factor 8, which acts
as a regulator of genes involved in the polarization of proinflamma-
tory macrophages. A detailed mechanism is proposed in which CSL/
RBP-Jk selectively enhances IL-1R–associated kinase 2–dependent
signaling via TLR4 to the MNK kinase. This event leads to down-
stream translation/initiation of control through eIF4E. However,
IFN regulatory factor 8 can be regulated by IFN-g (47), and the

discrepancy between the effect of CSL/RBP-Jk deletion on the
activation of NF-kB between our study and that by Xu et al. is
possibly due to the difference in stimuli used, that is, LPS versus
LPS/IFN-g.
In T cells, Notch signaling functions to augment NF-kB sig-

naling by facilitating nuclear retention of the NF-kB subunits p50
and c-Rel. This study revealed that Notch1 interacts directly with
NF-kB and competes with IkBa, resulting in the retention of NF-
kB in the nucleus (48). In our study, a similar mechanism may
operate in driving c-Rel nuclear retention in macrophages. This
possibility needs further investigation.
Our study has reported a novel role for Notch1 in macrophages

in EAE upon transfer into WT mice and for the Notch signaling
pathway in regulating c-Rel activation and IL-12p40/70 expression
in macrophages upon LPS/IFN-g treatment. These findings indi-
cate that Notch signaling in macrophages is important for the
development of EAE and may have therapeutic implication for
autoimmune diseases.
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