
of August 4, 2022.
This information is current as

Activation and M2b Polarization
Murine Lupus via Blunting Macrophage 
Blockade of Notch1 Signaling Alleviates

Weijuan Zhang, Wei Xu and Sidong Xiong

http://www.jimmunol.org/content/184/11/6465
doi: 10.4049/jimmunol.0904016
April 2010;

2010; 184:6465-6478; Prepublished online 28J Immunol 

Material
Supplementary

6.DC1
http://www.jimmunol.org/content/suppl/2010/04/28/jimmunol.090401

References
http://www.jimmunol.org/content/184/11/6465.full#ref-list-1

, 25 of which you can access for free at: cites 70 articlesThis article 

        average*

   
 4 weeks from acceptance to publicationFast Publication! •  

   
 Every submission reviewed by practicing scientistsNo Triage! •  

   
 from submission to initial decisionRapid Reviews! 30 days* •  

   
Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists, Inc. All rights reserved.
Copyright © 2010 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 
 b

y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/cgi/adclick/?ad=56317&adclick=true&url=https%3A%2F%2Fwww.biolegend.com%2Fen-us%2Fcell-hashing-app-note%3Futm_source%3DJofImmunology_072622%26utm_medium%3Dbanner1872x240%26utm_campaign%3Dcell-hashing_app-note
http://www.jimmunol.org/content/184/11/6465
http://www.jimmunol.org/content/suppl/2010/04/28/jimmunol.0904016.DC1
http://www.jimmunol.org/content/suppl/2010/04/28/jimmunol.0904016.DC1
http://www.jimmunol.org/content/184/11/6465.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


The Journal of Immunology

Blockade of Notch1 Signaling Alleviates Murine Lupus via

Blunting Macrophage Activation and M2b Polarization

Weijuan Zhang,* Wei Xu,* and Sidong Xiong*,†

Patients with systemic lupus erythematosus (SLE) are found to be accompanied with innate immunity dysregulation including

abnormally macrophage activation. But the functional polarization of the activated macrophages and its underlying molecular

mechanism during the pathogenesis of SLE remains unknown. As an important local cellular interaction mechanism responsible

for cell fate determination, Notch signaling is reported to exert crucial functions in the development and differentiation of various

immunocytes, whereas its role in macrophage polarization is not fully understood. In this study, in the SLEmurine model generated

by immunization with activated lymphocyte-derived DNA (ALD-DNA), infiltrated macrophages in the nephritic tissues were found

to exhibit activation and M2b functional polarization. Notch1 signaling activity was significantly upregulated in the ALD-DNA–

induced M2b macrophages in vitro and in vivo. Furthermore, ALD-DNA–induced M2b polarization was found to be dependent on

enhanced Notch1 signaling through accelerating NF-kB p50 translocation into the nucleus mediated by PI3K and MAPK path-

ways. Moreover, blockade of Notch1 signaling with g-secretase inhibitor treatment before or after the disease initiation could

ameliorate murine lupus through impeding macrophage M2b polarization. Our results implied that Notch1 signaling-dependent

macrophage M2b polarization might play a pivotal role in the pathogenesis of SLE, which could provide Notch1 signaling

blockade as a potential therapeutic approach for SLE disease. The Journal of Immunology, 2010, 184: 6465–6478.

S
ystemic lupus erythematosus (SLE) is a potentially fatal

disease characterized by the prototypic autoimmune syn-

drome with heterogeneous manifestations frequently in-

cluding autoimmunity, vasculitis, arthritis, and glomerulonephritis

(1–4). Autoimmunity driving by self-DNA released during normal

or pathological cell death that fails to be cleared from bloodstream

has been reported to cause systemic autoimmune disease in both

autoimmune-prone mice and nonautoimmune-prone mice (5–8).

Through immunizing syngeneic female BALB/c mice with acti-

vated lymphocyte-derived DNA (ALD-DNA), we have established

an SLE murine model that developed highly anti-dsDNA Abs,

proteinuria, immune complex glomerular deposition, and glo-

merulonephritis (9, 10). Given the emblematical autoimmune

syndrome in this SLE murine model, the ALD-DNA–immunized

mice could be used as an ideal model to explore the immuno-

logical mechanism for the pathogenesis of SLE disease.

SLE syndrome is generally considered to be autoantibody-

mediated systemic inflammation and tissue damage triggered by

aggressive T and B cell responses of the adaptive immune system

(11, 12). Yet, the underlying cellular and molecular mechanisms for

onset and progression of SLE are still poorly understood (13). It

was reported that markedly activated macrophages and other my-

eloid cells that infiltrated lymphoid tissues and kidneys mediated

the onset and propagation of an aggressive adaptive immune re-

sponse, thereby leading to SLE pathogenesis in mice (13–15).

Accumulating data demonstrated that F4/80+ macrophages repre-

sented the major inflammatory infiltrated cells and played a crucial

pathogenic role in the development of SLE nephritis (13–19).

Macrophages display remarkable plasticity and can change their

physiology in response to exposure to various microenvironmental

signals (20, 21). These changes, also termed as functional macro-

phage polarization, can give rise to different populations of cellswith

diverse gene expression profiles and distinct functions (22, 23).

Functionalmacrophage polarization represents different extremes of

a continuum ranging from M1, M2a, and M2b to M2c (24). M1

polarization, driven by IFN-g and LPS, typically acquires fortified

cytotoxic and antitumoral properties, whereas M2 polarization gen-

erally obtains immunoregulatory and protumoral activities (25, 26).

In particular, M2a polarization, induced by IL-4 and IL-13, andM2b

polarization, induced by combined immune complexes with TLR or

IL-1R agonists, exert immunoregulatory functions and drive type II

responses, whereas M2c polarization, induced by IL-10, gains im-

munosuppression and tissue-remodeling activities (24). Although

the critical role ofmacrophage activation in the pathogenesis of SLE

has been validated, the concrete phenotype and mechanism for

functional macrophage polarization in SLE remains unclear.

As an evolutionarily conserved local cell-interaction mechanism

controlling cell specification, Notch signaling is critical for T/B cell

lineage determination during hematopoiesis and immune de-

velopment (27–29). Notch signaling was also found to participate

in cell fate decision of monocytes and functional modulation of

macrophages (30, 31). Enhanced Notch1 signaling on macro-

phages induced by TLRs and other various stimuli could regulate

macrophage function, including cytokine producing ability, Ag-

presenting capacity, and cytotoxic activity (32–34). Furthermore,
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Notch1 signaling could also regulate TLR responses in macro-

phages through integration with the IFN-g pathway (31). In this

sense, Notch1 signaling participates prodigiously in the modula-

tion of macrophage activation and function. But its role in the

abnormal macrophage functional polarization during the patho-

genesis of SLE is scarcely documented.

In this study, we used a well-characterized murine model of SLE

that depends on s.c. immunization of ALD-DNA to investigate the

role of dysfunctional macrophage activation in the pathogenesis of

SLE. We found that infiltrated macrophages in the nephritic tissues

exhibited activation and M2b functional polarization, which was

dependent on Notch1 signaling activation induced by ALD-DNA.

More importantly, blockade of Notch1 signaling with g-secretase

inhibitor (GSI) treatment before or after disease initiation could

mitigate SLE syndrome through blunting macrophage M2b polar-

ization in the murine model. These results indicated that dysregu-

lated macrophage activation and M2b polarization dependent on

enhanced Notch1 signaling would mediate the initiation and pro-

gression of SLE disease, which might provide Notch1 signaling as

a novel therapeutic target for patients with SLE.

Materials and Methods
Mice

Six- to 8-wk-old female BALB/c mice were purchased from the Experi-
mental Animal Center of Chinese Academy of Sciences (Shanghai, Peo-
ple’s Republic of China). Mice were housed in a specific pathogen-free
room under controlled temperature and humidity. All mice procedures
were conducted according to the Guide for the Care and Use of Medical
Laboratory Animals (Ministry of Health, People’s Republic of China,
1998) and with the ethical approval of the Shanghai Medical Laboratory
Animal Care and Use Committee as well as the Ethical Committee of
Fudan University (Shanghai, People’s Republic of China).

Cell culture

RAW264.7 cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA)
supplemented with 2 mM glutamine and 10% FBS (Invitrogen) in a 5%
CO2 incubator at 37˚C. For generation of bone marrow-derived macro-
phages (BMDMs), BM cells were harvested from uninfected, normal
BALB/c mice and filtered through nylon mesh. BM cells were cultured in
L929 cell-conditioned medium at a density of 3 3 105 cells/ml medium
and maintained in a 5% CO2 incubator at 37˚C as described previously (25,
35). Six days after initial BM cell culture, the medium was changed, and
the purity of F4/80+ cells was .90%, as determined by flow cytometry.

Plasmid construction and cell transfection

To construct the MSCVpac-FLAG-Notch1IC plasmid encoding for Notch1
intracellular domain (Notch1IC), the full-length of Notch1IC cDNAwas am-
plified from total RNA of HepG2 cells using the primers 59-CCG GGT CGA
CGCACCATGGCACGCAAGCGCCGGCGGCAG-39 and 59-GCGACG
CGG CCG CCT TGA AGG CCT CCG AAT-39 and cloned into the SalI and
NotI sites of the MSCVpac-FLAG retroviral vector kindly provided by Prof.
Tadatsugu Taniguchi (University of Tokyo, Tokyo, Japan). PA317 cells were
cultured in DMEM (Invitrogen) supplemented with 10% FBS on a 100-mm
dish at a concentration of 2 3 105 cells/ml for 24 h and transfected with the
MSCVpac-FLAG-Notch1IC plasmid by electroporation as described pre-
viously (36, 37). The culture supernatants of transfected PA317 cells were
harvested and stored at 270˚C. RAW264.7 cells were infected with the ret-
rovirus from the culture supernatants for 48h, and then selectedwith 3.0mg/ml
puromycin (AMRESCO, Solon, OH) for stable Notch1IC expression clones.

DNA preparation

ALD-DNA and unactivated lymphocyte-derived DNA (UnALD-DNA)
were prepared with murine splenocytes that were generated from surgical
resected spleens of 6- to 8-wk-old female BALB/cmice and cultured with or
without Con A (Sigma-Aldrich, St. Louis, MO) in vitro (9, 10). For gen-
eration of ALD-DNA, splenocytes were seeded at 2 3 106 cells/ml in a 75
cm2 cell-culture flask and cultured in the presence of Con A (5 mg/ml) for
6 d to induce apoptosis. The apoptotic cells were stained with FITC-la-
beled Annexin V (BD Biosciences, San Jose, CA) and propidium iodide
(Sigma-Aldrich), and sorted using an FACSAria (BD Biosciences). Ge-

nomic DNAs from syngeneic apoptotic splenocytes were treated with S1
nuclease (Takara Bio, Shiga, Japan) and proteinase K (Sigma-Aldrich), and
then purified using the DNeasy Blood and Tissue Kits (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. UnALD-DNA was
prepared with unactivated (resting) splenocytes and extracted using the
same methods. To exclude contaminations with LPS, sterile endotoxin-free
plastic ware and reagents were used for DNA preparation. DNA samples
were also monitored for low level of endotoxin by the Limulus amoebocyte
lysate assay (BioWhittaker, Walkersville, MD) according to the manu-
facturer’s instructions. The concentration of DNA was determined by de-
tection of the absorbance at 260 nm. The apoptotic DNA ladder of ALD-
DNA was confirmed by agarose gel electrophoresis.

Generation of SLE murine model

To generate the SLE murine model, 6- to 8-wk-old female BALB/c mice
were immunized s.c. with ALD-DNA (50 mg/mouse) plus CFA (Sigma-
Aldrich) on day 1, followed by s.c. injection of ALD-DNA (50 mg/mouse)
emulsified with IFA (Sigma-Aldrich) on days 14 and 28 for total of three
times as described previously (9, 10). Serum and urine samples were
collected every 2 wk for further experiments. Eight weeks later, mice were
sacrificed, and surgical resected spleens and kidneys were collected for
further cellular function and tissue histology analysis.

Autoantibody and proteinuria examination

Anti-dsDNA Abs in the mice serum were determined by ELISA assay. ELISA
plates (Costar, Cambridge,MA)were pretreated with protamine sulfate (Sigma-
Aldrich) and then coated with calf thymus dsDNA (Sigma-Aldrich). Post-
incubation with mouse serum, the levels of anti-dsDNAAbs were detected with
the HRP-conjugated goat anti-mouse IgG and IgM (Southern Biotechnology
Associates, Birmingham, AL). Tetramethylbenzidine substrate was used to de-
velop colors, and absorbance at 450 nm was measured on a microplate reader
(Bio-TekELX800,Bio-Tek Instruments,Winooski,VT).Avidity of anti-dsDNA
IgG in serum was determined using ELISAwith urea elution step as previously
described (38). Proteinuria of the mice was measured with the BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA) according to the manu-
facturer’s instructions.

Flow cytometry analysis and cell sorting

Murine renal tissues were surgical resected and dispersed in RPMI 1640
containing 5% FBS and 0.1% collagenase (Sigma-Aldrich) at 37˚C for 30
min, followed by progressive sieving to obtain single-cell suspensions. Sin-
gle-cell suspensions of the murine splenic tissues were also prepared. To
analyze gene expression in the renal macrophages, CD11b+/F4/80high renal
macrophages were sorted from nephritic single-cell suspensions using
a FACSAria (BD Biosciences) with FITC-labeled anti-F4/80 and PE-labeled
anti-CD11b (BD Biosciences). To analyze cytokine and Ab production
in vitro, CD4+ T cells and CD19+B cells were sorted from splenic single-cell
suspensions by FACS using FITC-labeled anti-CD4 and PE-labeled anti-
CD19 (BDBiosciences). The purity of isolated cells was confirmed at.90%.
To assess the expression of activation and other biological markers on
macrophages, flow cytometry analysis was performed with FITC- or PE-
labeled anti-MHC class II, FITC-labeled anti-CD40, PE-labeled anti-CD80,
PE-labeled anti-CD86, and PE-labeled anti-mannose receptor (MR; CD206)
(BD Biosciences). To assess inducible NO synthase (iNOS) and Notch1IC

expression in macrophages, the cells were stained for surface markers with
FITC-labeled anti-F4/80 and resuspended in fixation/permeabilization so-
lution (BD Cytofix/Cytoperm Kit, BD Biosciences), then stained with PE-
labeled anti-iNOS (Santa Cruz Biotechnology, Santa Cruz, CA) and PE-
labeled anti-Notch1 (eBioscience, San Diego, CA), respectively. To detect
the expression and phosphorylation levels of p38 MAPK, Akt, and ERK1/2
in macrophages, flow cytometry analysis was performed with anti-p38
MAPK, anti-phospho-p38 MAPK (Thr180/Tyr182), anti-Akt, anti-phospho-
Akt (Ser473), anti-ERK1/2, anti-phospho-p44/42 MAPK/ERK (Thr202/
Tyr204) (Cell Signaling Technology, Beverly, MA), and FITC-labeled anti-
IgG (eBioscience) as described previously (39). All flow cytometry data were
acquired on an FACSCalibur (BD Biosciences) in CellQuest (BD Bio-
sciences) and analyzed by FlowJo software (Tree Star, Ashland, OR).

Arginase assay

Arginase activity was analyzed as described previously (40). Briefly, mac-
rophages were lysed with 0.1% Triton X-100. Lysates were combined with
12.5 mM Tris-HCl and 1 mMMnCl2. Arginase was activated by heating for
10 min at 56˚C, and L-arginine substrate was added to 250 mM final con-
centration. Reactions were incubated at 37˚C for 30 min and stopped by the
addition of H2SO4/H3PO4. Postaddition of a-isonitrosopropiophenone and
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heating for 30 min at 95˚C, urea production was measured by absorbance at
540 nm and normalized to cell counts.

Real-time PCR analysis

Total RNA was isolated from cultured cells or mouse renal macrophages
with TRIzol reagent (Invitrogen) and was reverse transcribed using a cDNA
synthesis kit (Fermentas, Burlington, Ontario, Canada) according to the
manufacturer’s instructions. Subsequently, cDNA was subjected to quan-
titative real-time PCR using a Lightcycler480 and SYBR Green system
(Roche Diagnostic Systems, Somerville, NJ) following the manufacturer’s
protocol. The primer sequences used in this study are provided in Sup-
plemental Table I.

ELISA assay

To assess protein levels of TNF-a, IL-1b, IL-4, IL-6, IL-10, IL-12, and
MCP-1 in the cell culture supernatants, ELISA assays were performed
with relative ELISA Kits (eBioscience) according to the manufacturer’s
instructions.

Western blot analysis

Whole, cytoplasmic, and nuclear protein extraction and Western blot
analysis were performed as described previously (41, 42). Abs used here
were anti-GAPDH (Santa Cruz Biotechnology), anti–b-actin (Santa Cruz
Biotechnology), anti-cleaved Notch1 (Cell Signaling Technology), anti–
NF-kB p50 (Millipore, Bedford, MA), anti–NF-kB p65 (Millipore), goat
anti-mouse IgG-HRP (Santa Cruz Biotechnology), and goat anti-rabbit
IgG-HRP (Santa Cruz Biotechnology).

Phagocytosis assay

ALD-DNAwas labeled with Alexa Fluor 488 (Invitrogen) according to the
manufacturer’s instructions. The labeled ALD-DNA (referred as AF488-
ALD-DNA) was purified using Bio-Rad Micro Bio-Spin P-30 column
(Bio-Rad, Hercules, CA) according to the manufacturer’s protocol.
BMDMs were pretreated with N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT) or DMSO for 1 h and incubated with
Alexa Fluor 488-labeled ALD-DNA for 2 h at 37˚C as described pre-
viously (43). Phagocytosis of Alexa Fluor 488-labeled ALD-DNA was
assessed by flow cytometry (FACSCalibur, BD Biosciences).

GSI treatment

TheGSIDAPT(Sigma-Aldrich)wasdissolvedwithDMSO(Sigma-Aldrich)
for10mMadditivestocksolutionordissolvedwith100%ethanol for5mg/ml
gavage stock solution. DAPT additive stock solution or vehicle control
DMSO (final concentration 1:1000) was added to the cultured macrophages
1 h before ALD-DNA stimulation. DAPT gavage solution or vehicle control
gavage solutionwas prepared freshlybycombinationDAPTstock solutionor
100% ethanol with corn oil (Sigma-Aldrich) at a ratio of 95% corn oil:5%
ethanol. To analyze the effect of GSI treatment on the onset of nephritis and
macrophage activation, 6- to 8-wk-old female BALB/c mice were ran-
domized to feed with DAPT gavage solution or vehicle control gavage so-
lutionat 5mg/kgper day for 3mo.Twenty-fourhours after the initialDAPTor
vehicle control gavage solution treatment, the mice were immunized with
ALD-DNA (50 mg/mouse), UnALD-DNA (50 mg/mouse), or PBS three
times in 4 wk as previously described. Eight weeks after initial immuni-
zation, mice were sacrificed, and surgical resected spleens and kidneys were
collected for further cellular function and tissue histology analysis. To an-
alyze the effect of GSI treatment on the established nephritis and macro-
phage activation, 6- to 8-wk-old female BALB/c micewere immunized with
ALD-DNA (50 mg/mouse), UnALD-DNA (50 mg/mouse), or PBS three
times in 4 wk. Six weeks after initial immunization, the mice were ran-
domized to feed with DAPT gavage solution or vehicle control gavage so-
lution at 5 mg/kg per day for 6 wk. Twelveweeks after initial immunization,
mice were sacrificed, and surgical resected spleens and kidneys were col-
lected for further cellular function and tissue histology analysis. Serum and
urine samples of the mice were collected every 2 wk.

Histology

Murine renal tissues were surgical resected and fixed in 4% para-
formaldehyde (Sigma-Aldrich), processed, and embedded in paraffin. H&E
staining of renal tissue sections were performed according to the manu-
facturer’s instructions and assessed by a pathologist blinded to treatment
group. The kidney score of glomerulonephritis was determined by using
the ISN/RPS2003 classification. Fluorescent staining of cryosections was
used for autoantibody deposition analysis in the glomeruli. Sections were
fixed in acetone for 10 min and incubated with FITC-conjugated goat anti-

mouse IgG (H+L chain-specific) Ab (Sigma-Aldrich) for 30 min. Pictures
were acquired with a 203/0.45 Plan Fluor object on a Nikon SCLIPSS
TE2000-S microscope (Nikon, Melville, NY) equipped with ACT-1 soft-
ware (Nikon). Original magnification was 3200.

Statistical analysis

The experimental data in this study were presented as the means 6 SD of
three independent experiments or from a representative experiment of three
independent experiments. The statistical significance of the differences in
the experimental data were valued by the Student t test. The statistical
significance level was set as pp , 0.05; ppp , 0.01; pppp , 0.001.

Results
ALD-DNA immunization leads to macrophage infiltration and

M2b polarization in SLE murine renal tissues

Although studies on SLE often focus on T and B lymphocytes,

APCs such as macrophages might play vital roles in the patho-

genesis of the disease (11). To explore the role of macrophages

during pathogenesis of glomerulonephritis in an SLE murine

model generated by immunizing female BALB/c mice with ALD-

DNA, nephritic lymphocytes were extracted and analyzed for the

presence of F4/80+ cells. F4/80+ cells were remarkably increased

in the renal tissues of the SLE mice (Fig. 1A). Real-time PCR

analysis for inflammatory gene expression showed that the puri-

fied renal macrophages from the SLE mice exhibited enhanced IL-

10, TNF-a, IL-1b, IL-6, MCP-1, and Nos2 (iNOS) but low IL-12,

TGF-b, IL-1R antagonist (IL-1ra), and arginase 1 (Arg1) mRNA

levels, which displayed M2b (type II)-polarized phenotype (Fig.

1B, Table I). Renal macrophages from the SLE mice showed el-

evated expression of activation markers including MHC class II,

CD80, CD86, and iNOS (Fig. 1C, 1E) but not MR expression and

arginase activity (Fig. 1C, 1D) compared with those from control

mice. Flow cytometry analysis of the surface markers showed that

the renal macrophages from the SLE mice were also pre-

dominantly Ly6Clow, CD62Llow, and CD43high/int (Fig. 1F), which

was consistent with previous reports on macrophage M2b polar-

ization (11). Taken together, these data indicate that accumulating

renal F4/80+ macrophages displays an M2b-polarized phenotype

in the SLE murine model.

Macrophages treated with ALD-DNA display the M2b

phenotype in vitro

To further confirm that ALD-DNA stimulation could induce

macrophage M2b polarization, BMDMs and RAW264.7 cells were

stimulated with ALD-DNA in vitro. Enhanced MHC class II,

CD80, and CD86 expression was observed in ALD-DNA–induced

macrophages compared with those in control macrophages (Fig.

2A). Significantly higher levels of TNF-a, IL-1b, IL-6, IL-10, and

MCP-1 but not IL-12 were produced in the supernatants of

BMDMs and RAW264.7 cells stimulated with ALD-DNA com-

pared with those of control macrophages (Fig. 2B, 2C). These data

verify that macrophages treated with ALD-DNA show the M2b

phenotype in vitro.

ALD-DNA stimulation upregulates Notch1 signaling in M2b

macrophages

Previous reports indicated that Notch1 signaling contributed to

macrophage activation (31, 32, 34). To determine the expression

pattern of various Notch receptors on activated macrophages, real-

time PCR was used to analyze Notch1, -2, -3, and -4 mRNA

levels. As shown in Fig. 3A, treatment of RAW264.7 cells with

ALD-DNA increased the mRNA level of Notch1 but not that of

Notch2, Notch3, or Notch4 in macrophages. Both flow cytometry

and Western blot analysis for Notch1IC protein level supported

that ALD-DNA stimulation increased Notch1 signaling in a time-

The Journal of Immunology 6467
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and dose-dependent manner in activated macrophages in vitro

(Fig. 3B–E) and in vivo (Fig. 3F). Furthermore, ALD-DNA

stimulation increased series of Notch1 downstream genes such as

Hes1 and Hey1 mRNA levels in a time- and dose-dependent

manner in activated RAW264.7 cells in vitro (Fig. 3G). Taken

together, ALD-DNA stimulation significantly increases the gene

expression profile of the Notch1 signaling pathway in the M2b

macrophages in vitro and in vivo.

GSI treatment blunts ALD-DNA–induced M2b polarization

To evaluate the role of Notch1 signaling in ALD-DNA–induced

M2b polarization, we assessed macrophage functional activity after

FIGURE 1. Significant increase of renal macrophage infiltration and M2b polarization in ALD-DNA–immunized SLE mice. Six- to 8-wk-old female

BALB/c mice were immunized s.c. with ALD-DNA, UnALD-DNA, or PBS (n = 10) three times in 4 wk. A, The numbers of F4/80+ cells per kidney in the

renal tissues of the mice were determined by flow cytometry analysis. Data are means6 SD from 10 mice in each group. B, Cellular mRNA levels of IL-10,

TNF-a, IL-1b, IL-6, IL-12, MCP-1, TGF-b, IL-1ra, Nos2 (iNOS), and arginase 1 (Arg1) in the CD11b+/F4/80high renal macrophages purified from mice

were analyzed by real-time PCR. Data are means 6 SD of three independent experiments. n = 5. C, Expression levels of iNOS in the renal F4/80+

macrophages from the mice were determined by flow cytometry analysis. D, Arginase activity was assessed by an assay of urea production from arginine

substrate and was normalized to cell counts. Data are means 6 SD from 7–10 mice in each group. E and F, Expression levels of MHC class II, CD80,

CD86, MR, Ly6C, CD62L, and CD43 in the renal macrophages from mice were determined by flow cytometry analysis. Data are representative of results

obtained in three independent experiments with renal macrophages from five mice in each group. pp , 0.05; ppp , 0.01; pppp , 0.001.

Table I. Functional properties of different polarized macrophages

M1 M2a M2b M2c

Secretory products IL-12high, TNF-a, IL-6, IL-1b IL-10, IL-1ra IL-10high, IL-12low, TNF-a, IL-1b, IL-6 IL-10, TGF-b
Biological markers MHC class II, CD86, MR MHC class II, MR MHC class II, CD86 MR
Arginine metabolism iNOS Arg1 iNOS Arg1
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inhibiting Notch1 signaling through GSI treatment combined with

ALD-DNA stimulation. Flow cytometry and Western blot analysis

for Notch1IC expression showed that the GSI DAPT efficiently

inhibited Notch1IC expression (Fig. 4A, 4B). ELISA analysis for

inflammatory markers showed remarkable decreased production of

TNF-a, IL-6, IL-10, IL-12, and MCP-1 but no significant change

the production of IL-1b in DAPT-treated RAW264.7 cells com-

pared with those in control cells (Fig. 4C). Flow cytometry analysis

of the surface activation markers revealed reduced expression of

MHC class II, CD40, and CD86 but no significant change in ex-

pression of CD80 onDAPT-treated RAW264.7 cells compared with

those on control cells (Fig. 4D). Furthermore, phagocytosis assay

showed that DAPT treatment had little effect on phagocytosis

function of BMDMs (Fig. 4E). To evaluate the effect of decreased

Notch1 signaling on the Ag-presenting ability of macrophages, we

performed ELISA analysis for IL-4 and IL-10 production of CD4+

T cells and anti-dsDNAAb production of CD19+B cells cocultured

with DAPT-treated BMDMs combined with ALD-DNA induction.

It was found that not only IL-4 and IL-10 production by CD4+

T cells, but also anti-dsDNA Abs production by B cells were se-

verely decreased by coculturing with DAPT-treated BMDMs

compared with control cells (Fig. 4F, 4G). Notch signaling was

reported to be involved in regulating NF-kB activity (44, 45).

Western blot analysis for NF-kB p50 and p65 after GSI treatment

showed decreased NF-kB p50 translocation but intact NF-kB p65

translocation into the nucleus (Fig. 4H). These data indicate that

blockade of the Notch1 signaling pathway by GSI treatment blunts

ALD-DNA–induced M2b polarization.

FIGURE 2. ALD-DNA induces macrophage M2b polarization in vitro. BMDMs and RAW264.7 cells were simulated with ALD-DNA, UnALD-DNA, or

PBS. A, Expression levels of MHC class II, CD80, and CD86 in the macrophages were assessed by flow cytometry analysis. Data are representative of

results obtained in three independent experiments. B and C, Levels of TNF-a, IL-1b, IL-6, IL-10, IL-12, and MCP-1 in the supernatants of the macrophages

were measured by ELISA assay. Data are means 6 SD of three independent experiments. pp , 0.05; ppp , 0.01; pppp , 0.001.
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Notch1
IC

overexpression promotes ALD-DNA–induced M2b

polarization

To investigate the effect of increased Notch1 signaling on ALD-

DNA–induced macrophage polarization, stable Notch1IC-

expressing RAW264.7 (RAW-Notch1IC) and control (RAW-Vec-

tor) cells were produced and stimulated with ALD-DNA. ELISA

analysis for the production of inflammatory markers induced by

ALD-DNA showed remarkably increased production of TNF-a,

IL-6, IL-10, IL-12, and MCP-1 but no significant change pro-

duction of IL-1b in RAW-Notch1IC cells compared with those in

control cells (Fig. 5A, 5B). Interestingly, RAW-Notch1IC cells

stimulated with 25 mg/ml ALD-DNA produced more cytokines

than control cells stimulated with 50 mg/ml ALD-DNA (Fig. 5B).

Furthermore, flow cytometry analysis for the expression of acti-

vation markers induced by ALD-DNA revealed obvious enhanced

expression of MHC class II, CD40, and CD86 but no significant

change in expression of CD80 on RAW-Notch1IC cells compared

with those on control cells (Fig. 5C). Taken together, these results

suggest that increasing Notch1 expression could enhance ALD-

DNA–induced macrophage polarization.

Notch1 signaling facilitates ALD-DNA–induced M2b

polarization through PI3K and MAPK signaling pathways

In many cell types, Notch1 signaling-induced survival effects re-

quire activation of PI3K and MAPK signaling pathways (46–48).

ELISA analysis for inflammatory marker production in RAW-

Notch1IC cells showed remarkably decreased production of TNF-a

and IL-10 upon treatment with LY294002 (PI3K inhibitor),

SB203580 (p38 MAPK inhibitor), U0126 (MEK1/2 inhibitor), or

PDTC (NF-kB inhibitor) but no significant change of cytokine

production upon treatment with JAK inhibitor I (Fig. 6A). Western

blot analysis for NF-kB p50 posttreatment with the inhibitors of

PI3K, p38 MAPK, MEK1/2, or NF-kB showed abrogated NF-kB

p50 translocation into the nucleus (Fig. 6B). Furthermore, exposure

of macrophages to ALD-DNA showed increased phospho-p38,

phospho-Akt, and phospho-ERK in a Notch1-dependent manner

(Fig. 6C). Flow cytometry analysis for the expression of phospho-

p38, phospho-Akt, and phospho-ERK in RAW-Notch1IC cells re-

vealed that PI3K inhibitor treatment abrogated the enhanced ex-

pression of phospho-Akt and phospho-ERK but had no significant

effect on the expression of phospho-p38, whereas p38 MAPK

FIGURE 3. ALD-DNA treatment upregulates Notch1 signaling in M2b macrophages in vitro and in vivo. A–C, BMDMs and RAW264.7 cells were

stimulated with ALD-DNA, UnALD-DNA, or PBS. A, mRNA levels of Notch receptors in the RAW264.7 cells were determined by real-time PCR. Data are

means 6 SD of three independent experiments. B and C, Protein expression levels of Notch1IC in the macrophages were assessed by flow cytometry and

Western blot analysis. Graphical representation of band intensities was shown in the picture below. Expression of Notch1IC was normalized to GAPDH

expression. D and E, Protein expression levels of Notch1IC in the RAW264.7 cells stimulated with ALD-DNA (50 mg/ml) for the indicated time or with

increasing amounts of ALD-DNA for 12 h were measured by Western blot analysis. Graphical representations of band intensities were shown in the pictures

below. Expression of Notch1IC was normalized to GAPDH expression. Data in B–E are representative of results obtained in three independent experiments

or means 6 SD of three independent experiments. F, Protein expression levels of Notch1IC in the renal macrophages isolated from the immunized mice

were assessed by flow cytometry and Western blot analysis. Data are representative of results obtained in three independent experiments with renal

macrophages from five mice in each group. G, mRNA levels of Hes1 and Hey1 in the RAW264.7 cells stimulated with ALD-DNA (50 mg/ml) for the

indicated time or with increasing amounts of ALD-DNA for 12 h were determined by real-time PCR analysis. Data are means 6 SD of three independent

experiments. pp , 0.05; ppp , 0.01; pppp , 0.001.
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inhibitor treatment abrogated the enhanced expression of phospho-

p38 but had no significant effect on the expression of phospho-Akt

and phospho-ERK (Fig. 6D–F). These results suggest that PI3K/

Akt-ERK1/2 and p38 MAPK signaling pathways link elevated

Notch1 signaling with activated NF-kB signaling in the process of

ALD-DNA–induced macrophage M2b polarization.

GSI treatment in vivo blockades Notch1 signaling activity in

ALD-DNA–stimulated macrophages

To confirm the effect of GSI treatment on Notch1 signaling activity

in vivo, we purified renal macrophages from DAPT or vehicle

control gavage-treated BALB/c mice followed by ALD-DNA sti-

mulation in vitro. Flow cytometry analysis for Notch1IC expression

showed decreased Notch1 signaling on macrophages from DAPT-

treated mice compared with those from vehicle control-treated

mice (Fig. 7A). Moreover, real-time PCR analysis for mRNA

levels of Notch1 downstream target genes revealed severely de-

creased Hes1 and Hey1mRNA levels in macrophages from DAPT-

treated mice compared with those from vehicle control-treated

mice (Fig. 7B). These data indicate that GSI treatment in vivo

could inhibit Notch1 signaling activation in ALD-DNA–stimulated

macrophages.

FIGURE 4. GSI treatment impairs ALD-DNA–induced M2b polarization. A–E and H, BMDMs and RAW264.7 cells were pretreated with DAPT (10

mΜ) or DMSO (0.1%) for 1 h, and then exposed to ALD-DNA, UnALD-DNA, or PBS. A and B, Twenty-four hours poststimulation, expression levels of

Notch1IC in the RAW264.7 cells were assessed by flow cytometry and Western blot analysis. Data in A and B are representative of results obtained in three

independent experiments. C, Twelve hours poststimulation, levels of TNF-a, IL-1b, IL-6, IL-10, IL-12, and MCP-1 in the supernatants of the RAW264.7

cells were measured by ELISA assay. Data are means 6 SD of three independent experiments. D, Twenty-four hours poststimulation, expression levels of

MHC class II, CD40, CD80, and CD86 in the RAW264.7 cells were assessed by flow cytometry analysis. E, DNA uptake abilities of the BMDMs upon

DAPT treatment were measured by phagocytosis assay. Data in D and E are representative of results obtained in three independent experiments. F, BMDMs

were pretreated with DAPT (10 mΜ) for 24 h, cocultured with CD4+ T cells isolated from the SLE mice at a BMDMs/CD4+ ratio of 1:5, and stimulated

with ALD-DNA (50 mg/ml) for 48 h. Cytokine expression levels of IL-4 and IL-10 in the culture supernatants were analyzed by ELISA assay. G, BMDMs

were pretreated with DAPT (10 mΜ) for 24 h, cocultured with CD4+ T cells and CD19+ B cells isolated from the SLE mice, and stimulated with ALD-DNA

(50 mg/ml) for 6 d. Anti-dsDNA IgG levels in the culture supernatants were evaluated by ELISA. Data in F and G are means 6 SD of three independent

experiments. n = 4. H, One hour poststimulation, protein levels of NF-kB p50 and p65 in the nuclear extracts of the RAW264.7 cells were analyzed by

Western blot analysis. Data are representative of results obtained in three independent experiments. ppp , 0.01; pppp , 0.001.

The Journal of Immunology 6471

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


GSI treatment ameliorates SLE syndrome in the murine model

by suppressing macrophage M2b polarization

To test the hypothesis that GSI treatment could ameliorate SLE

syndrome in the murine model by inhibiting ALD-DNA–induced

macrophage M2b polarization by suppressing Notch1 signaling

activity, we firstly performed DAPT or vehicle control gavage

treatment before the onset of nephritis in SLE mice. Decreased

Notch1IC, MHC class II, and CD86 protein levels and lower

mRNA levels of the M2b phenotype markers were found in renal

macrophages from DAPT-treated SLE mice versus those from

vehicle control-treated SLE mice (Fig. 8A–C). To clarify the effect

of decreased Notch1 signaling on macrophage Ag-presenting

ability, we performed ELISA analysis for anti-dsDNA Ab pro-

duction of B cells cocultured with macrophages from DAPT-

treated mice combined with ALD-DNA induction. Anti-dsDNA

Ab production of B cells was severely decreased by coculturing

with macrophages from DAPT-treated SLE mice compared with

those from vehicle control-treated SLE mice (Fig. 8D). Further-

more, ELISA analysis showed no change of anti-dsDNA IgG

isotype, but decreased the concentration and avidity of anti-

dsDNA IgG in serum from DAPT-treated SLE mice as compared

with those from vehicle control-treated SLE mice (Fig. 8E–G). To

examine the therapeutic effect of DAPT treatment on SLE syn-

drome in the murine model, we evaluated glomerulonephritis

using urine protein quantification, renal tissue H&E staining, and

autoantibody deposition analysis. More importantly, remarkably

decreased urine protein, ameliorated glomerulonephritis, and re-

duced autoantibody deposition were found in DAPT-treated SLE

mice compared with those of vehicle control-treated SLE mice

(Fig. 8H–K). These data demonstrate that GSI treatment could

prevent the onset of nephritis in the murine model through

blunting of ALD-DNA–induced macrophage M2b polarization.

To further elucidate the effect of Notch inhibitor on activated

macrophages and established SLE syndrome, we performed DAPT

or vehicle control gavage treatment in SLE mice that already had

produced autoantibody and developed proteinuria. Decreased

Notch1IC protein level and blunted M2b polarization were found

in renal macrophages from DAPT-treated SLE mice versus those

from vehicle control-treated SLE mice (Fig. 9A–D). More im-

portantly, promptly decreased urine protein (Fig. 9H) and ame-

liorated glomerulonephritis (Fig. 9I, 9J) but tardily reduced

autoantibody titers (Fig. 9E, 9F) and no notable changes of anti-

dsDNA IgG avidity (Fig. 9G), IgG isotype (Fig. 9E), or autoan-

tibody deposition (Fig. 9K) were found in DAPT-treated SLE mice

FIGURE 5. Notch1IC overexpression promotes ALD-DNA–induced macrophage polarization. A and C, RAW-Vector and RAW-Notch1IC cells were

stimulated with ALD-DNA, UnALD-DNA, or PBS. A, Twelve hours poststimulation, expression levels of TNF-a, IL-1b, IL-6, IL-10, IL-12, and MCP-1 in

the culture supernatants were measured by ELISA assay. B, RAW-Vector and RAW-Notch1IC cells were stimulated with increasing amounts of ALD-DNA

for 12 h, and cytokine expression levels of TNF-a, IL-6, and IL-10 in the culture supernatants were measured by ELISA assay. Data in A and B are means6

SD of three independent experiments. C, Twenty-four hours poststimulation, expression levels of MHC class II, CD40, CD80, and CD86 were assessed by

flow cytometry analysis. Data are representative of results obtained in three independent experiments. pp , 0.05; ppp , 0.01; pppp , 0.001.
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compared with those of vehicle control-treated SLE mice. These

data suggest that GSI treatment could induce remission of estab-

lished nephritis in the SLE murine model by suppressing ALD-

DNA–induced macrophage M2b polarization (Fig. 9L). In sum-

mary, these results demonstrate that GSI treatment could improve

SLE syndrome in the murine model by blunting ALD-DNA–

induced macrophage M2b polarization.

Discussion
It has been reported that individuals who are prone to the multi-

system autoimmunity that is seen in patients with SLE might have

uncharacterized defects in the ability of macrophages to clear ap-

optotic cells, thus providing immunogenic self-nuclear Ags derived

from noningested apoptotic cells for undergoing secondary necrosis

to supply for danger signals to the immune system, which indicates

the association between self-nuclear Ags derived from apoptotic

cells and autoimmunity in SLE (49–51). Further studies in knockout

mice models revealed that lack of DNase I, serum amyloid P de-

ficiency, or C1q absence resulted in exposure of redundant aberrant

nucleic acid released from apoptotic cells to immune system, which

could lead to antinuclear autoimmunity and SLE glomerulone-

phritis (52–55). Undigested DNA released from apoptotic cells

could induce macrophage activation and trigger a set of immune

response, thus producing autoantibodies to self-DNA, which occurs

commonly in patients with SLE (6, 50). In this study, we used

the SLE murine model established by our group previously by

FIGURE 6. Notch1IC facilitates macrophage M2b polarization through PI3K/Akt-ERK1/2 and P38 MAPK signaling pathways. A, RAW-Notch1IC cells

were treated with LY294002 (50 mM), SB203580 (10 mM), U0126 (10 mM), PDTC (50 mM), JAK inhibitor I (5 mM), or DMSO (0.1%) for 12 h. Cytokine

expression levels of TNF-a and IL-10 in the culture supernatants of the RAW-Notch1IC cells were determined by ELISA assay. RAW-Vector cells served as

a control. Data are means 6 SD of three independent experiments. B, RAW-Notch1IC cells were treated with LY294002 (50 mM), SB203580 (10 mM),

U0126 (10 mM), PDTC (50 mM), or DMSO (0.1%) for 1 h. Protein levels of NF-kB p50 in the nuclear extracts of RAW-Notch1IC cells were analyzed by

Western blot analysis. RAW-Vector cells served as a control. C, RAW264.7 cells were treated with DAPT (10 mM) or DMSO (0.1%) for 1 h and then

stimulated with ALD-DNA for 1 h. The expression and phosphorylation levels of p38, Akt, and ERK1/2 in RAW264.7 cells were determined by flow

cytometry analysis. D and E, Protein levels of phospho-p38, phospho-Akt, and phospho-ERK1/2 in RAW-Notch1IC cells treated with LY294002 (50 mM),

SB203580 (10 mM), or DMSO (0.1%) for 1 h were evaluated by flow cytometry analysis. RAW-Vector cells served as a control. F, Schematic representation

of the molecular mechanism for ALD-DNA–induced macrophage activation. Data in B–E are representative of results obtained in three independent

experiments. ppp , 0.01; pppp , 0.001.
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immunizing syngeneic female BALB/c mice with a self-DNA re-

leased from apoptotic lymphocytes that were termed ALD-DNA (9,

10). A series of SLE syndromes including highly anti-dsDNA Abs,

proteinuria, and glomerulonephritis were developed in our murine

model, which resembles human SLE syndrome accompanied by

abundant self-DNA released from unremoved apoptotic cells.

Thereby, the ALD-DNA–immunized mice could be used as an ideal

murine lupus model to explore the potential cellular and molecular

immunological mechanisms responsible for SLE disease.

There is considerable evidence that innate immune response

performed mainly by activated macrophages and other myeloid

cells triggered lupus autoimmune disease in both RAG-1–deficient

moth-eaten mice and a-mannosidase-II–deficient mice, which

indicated an important role of macrophage activation in the

pathogenesis of SLE (13, 14, 56). Experimental data derived from

NZB/W F1 mice and Bcl2/112/2Faslpr/lpr mice indicated that ac-

tivated renal macrophages were characteristic markers of lupus

nephritis in the SLE murine model, which further suggested the

close association between macrophage activation and SLE path-

ogenesis (11, 15). In the current study, we demonstrated that

macrophages induced by ALD-DNA were activated and polarized

toward an M2b phenotype that could effectively trigger innate and

adaptive immune response to self-DNA, thus leading to autoim-

mune response and tissue damage in the SLE murine model. We

provided several lines of evidence that supported this notion. First,

the nephritic tissues of SLE mice were found infiltrated with ac-

tivated M2b-polarized macrophages. Secondly, ALD-DNA could

induce macrophage activation and M2b polarization in vitro and

in vivo. More importantly, blunted macrophage activation and

M2b polarization through GSI treatment could decrease autoim-

mune responses and mitigate SLE syndrome in the murine model.

We also found that macrophages depleting at the initial stage or

a late stage of SLE disease protected mice against ALD-DNA–

induced SLE syndrome in vivo (W. Zhang and S. Xiong, un-

published observations). All these results demonstrate that mac-

rophage activation and M2b polarization could effectively drive

ALD-DNA–induced autoimmunity and SLE syndrome. However,

the plasticity of macrophages makes the task of assigning a par-

ticular phenotype to a particular population of macrophages with

specific biochemical markers difficult (20). The phenotype of re-

nal macrophages isolated in vivo and macrophages stimulated by

ALD-DNA in vitro in this study might be flexible. Relative levels

of infiltration by inflammatory and alternatively activated mac-

rophages might change over time during the inflammatory pro-

cess, and these macrophage subtypes might coexist in nephritis of

SLE mice, which needs further investigation. The concrete DNA

sensor in macrophages recognizing ALD-DNA also requires fur-

ther elucidation.

Cell-cell signaling mediated by the Notch receptors is iteratively

involved in a wide variety of developmental processes including the

development and differentiation of immune system (29, 57). Apart

from investigations on the contribution of Notch signaling to T/B

cell lineage specification, Th cell differentiation, and DC differ-

entiation and survival, increasing studies have been focused on the

role of Notch signaling in the regulation of macrophage activation

and function (58–63). In macrophages, TLR ligands have been

reported to activate the canonical Notch signaling pathway as well

as the well-known pathways of NF-kB p65 and p50 subunits,

IRF3, IRF5, IRF7, and fos and jun pathways (32–34, 64). It is best

characterized that the activation of NF-kB and other signaling

pathways results in increased inflammatory cytokine expression

including TNF-a, IL-10, IL-6, and IL-12 (64). Notch signaling has

been reported to enhance cytokine expression through increasing

NF-kB signaling activity and increasing NotchIC-dependent RBPJ

activation, which drives transcription of IL-6 directly (31).

Meanwhile, NotchIC-dependent RBPJ activation could also drive

the Notch target genes Hes1 and Hey1, which inhibits IL-6 and IL-

12 expression but does not markedly alter TNF-a and IL-10

production (31). Therefore, these findings indicated that enhanced

Notch signaling in macrophages might be involved in regulating

the cytokine expression, which is associated with an M2b (type II)

phenotype. We found that enhanced Notch1 signaling in macro-

phages stimulated with ALD-DNA in vitro and in vivo induced

high levels of TNF-a, IL-6, and IL-10 but low levels of IL-12,

which revealed that Notch1 signaling could promote macrophage

M2b polarization. We also found that enhanced Notch1 signaling

correlated with the elevated levels of MCP-1, which was reported

to influence both innate immunity through effects on monocytes

and adaptive immunity through control of Th2 polarization (65).

Notably, TNF-a, IL-6, IL-10, and MCP-1, which could be induced

by ALD-DNA, are elevated in the serum of patients with SLE and

may contribute to the pathogenesis of SLE (66, 67). Our findings

further demonstrated that Notch1 signaling could mediate mac-

rophage M2b polarization in the SLE murine model, thus con-

tributing to the pathogenesis of SLE. Although we could

persistently detect the M2b macrophages in kidneys of SLE mice,

we also found that in vitro ALD-DNA could induce macrophage

M2b polarization following Notch1 signaling activation within

24 h. Alternative explanation for Notch1 pathway contributions in

acute macrophage responses induced by ALD-DNA could not be

excluded in this work. Interestingly, enhanced Notch1 signaling in

macrophages stimulated by ALD-DNA was accompanied with

increased NF-kB p50 translocation into nucleus, whereas GSI

treatment strongly downregulated NF-kB activity. It has been

shown that Notch signaling modulates NF-kB activity in macro-

phages and other cell types, which regulates the expression of

several inflammatory cytokines and molecules responsible for Ag

presentation (32, 68). The activation of PI3K and MAPK path-

ways also played key roles in Notch1 signaling-induced survival

effects in many cell types (47). We found that Notch1 signaling

FIGURE 7. GSI treatment abrogates Notch1 signaling activity in ALD-

DNA stimulated macrophages in vivo. Six- to 8-wk-old female BALB/c

mice were treated with DAPT or vehicle control at 5 mg/kg per day for 4 d.

Purified renal macrophages isolated from the mice were stimulated with

ALD-DNA, UnALD-DNA, or PBS. A, Twenty-four hours poststimulation,

expression levels of Notch1IC were assessed by flow cytometry. Data are

representative of results obtained in three independent experiments with

renal macrophages from five mice in each group. B, Twelve hours post-

stimulation, mRNA levels of Hes1 and Hey1 were determined by real-time

PCR analysis. Data are means6 SD of three independent experiments. n =

5. pppp , 0.001.
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accelerated NF-kB p50 translocation into the nucleus via PI3K

and MAPK pathways in M2b-polarized macrophages induced by

ALD-DNA. Based on these results, we demonstrated that Notch1

signaling could drive ALD-DNA–induced macrophage activation

and M2b polarization by accelerating NF-kB p50 translocation

into the nucleus via PI3K and MAPK pathways. Because Notch

signaling activation is triggered by binding of Notch ligands with

its receptors, whether enhanced Notch1 signaling in macrophages

stimulated by ALD-DNA involves modulation of Notch1 ligands

expression needs further study.

In our present study, significant activation of Notch1 signaling in

ALD-DNA induced M2b-polarized macrophages, which was

verified on mRNA and protein levels in vitro and in vivo. Fur-

thermore, we demonstrated that Notch1 signaling contributed to

FIGURE 8. GSI treatment prevents SLE syndrome accompanied with decreased Notch1 signaling and blunted renal macrophage M2b polarization in the

SLEmice. Themicewere treatedwithDAPTor vehicle control by gavage for 3mo. Twenty-four hours after the initial treatment, themicewere immunizedwith

ALD-DNA,UnALD-DNA, or PBS three times in 4wk.A andB, Eightweeks after initial immunization, expression levels of Notch1IC,MHCclass II, andCD86

in the renal macrophages from the micewere assessed by flow cytometry analysis. Data are representative of results obtained in three independent experiments

with renal macrophages from four mice in each group. C, mRNA levels of IL-10, TNF-a, and IL-12 in the renal macrophages purified from the mice were

evaluated by real-time PCR.D, The purified renal macrophages from the DAPT-treated or control mice were cocultured with CD4+ T cells and CD19+ B cells

from the SLEmice, then stimulatedwithALD-DNA for 6 d. Levels of anti-dsDNA IgG in the culture supernatantswere analyzed by ELISA.Data inC andD are

means6 SD of three independent experiments. n = 4. The serum anti-dsDNA Ig levels at week 8 (E), serum anti-dsDNA IgG levels every 2 wk (F), and the

avidity index of anti-dsDNA IgG at week 8 (G) were measured by ELISA.H, Urine protein levels of themicewere assessed by BCAProtein Assay kit (Thermo

Fisher Scientific) every 2 wk. Data in E–H are means6 SD from 6–10 mice in each group. I, Eight weeks after initial immunization, nephritic pathological

changes were shown by H&E staining of renal tissues surgical resected from the mice (original magnification 3200). Images are representative of at least

10 mice in each group. J, The kidney scorewas assessed using paraffin sections stained with H&E.K, Demonstration of IgG deposition in kidneys of the mice.

Images are representative of at least 10 mice in each group (original magnification3200). ppp, 0.01; pppp, 0.001.
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ALD-DNA–induced macrophage polarization through inhibition

of Notch1 signaling by GSI treatment and increased Notch1 sig-

naling by Notch1IC overexpression. More importantly, we found

that the inhibition of Notch1 signaling by GSI treatment could

attenuate SLE syndrome by suppressing ALD-DNA–induced mac-

rophage M2b polarization in our murine model. Moreover, in the

SLE mice treated with GSI as preventive therapy, macrophage ac-

tivation and M2b polarization was blunted and accompanied by

the ameliorated nephritis, decreased anti-dsDNA autoantibody, and

no autoantibody deposition in the kidney. In addition to previous

FIGURE 9. GSI treatment induces the remission of established nephritis accompanied with decreased Notch1 signaling and blunted renal macrophage

M2b polarization in the SLE mice. The mice were immunized with ALD-DNA, UnALD-DNA, or PBS three times in 4 wk. Six weeks after initial im-

munization, the mice were treated with DAPT or vehicle control by gavage for another 6 wk. A and B, Twelve weeks after initial immunization, expression

levels of Notch1IC, MHC class II, and CD86 in the renal macrophages from the mice were assessed by flow cytometry analysis. Data are representative of

results obtained in three independent experiments with renal macrophages from four mice in each group. C, mRNA levels of IL-10, TNF-a, and IL-12 in the

renal macrophages purified from the mice were evaluated by real-time PCR. D, The purified renal macrophages from the DAPT-treated or control mice

were cocultured with CD4+ T cells and CD19+ B cells from the SLE mice, then stimulated with ALD-DNA for 6 d. Levels of anti-dsDNA IgG in the culture

supernatants were analyzed by ELISA. Data in C and D are means6 SD of three independent experiments. n = 4. The serum anti-dsDNA Ig levels at week

12 (E), the serum anti-dsDNA IgG levels every 2 wk (F), and the avidity index of anti-dsDNA IgG at week 12 (G) were measured by ELISA. H, Urine

protein levels of the mice were assessed by BCA Protein Assay Kit (Thermo Fisher Scientific) every 2 wk. Data in E–H are means6 SD from 6–10 mice in

each group. I, Twelve weeks after initial immunization, nephritic pathological changes were shown by H&E staining of renal tissues surgical resected from

the mice (original magnification 3200). Images are representative of at least 10 mice in each group. J, The kidney score was assessed using paraffin

sections stained with H&E. K, Demonstration of IgG deposition in kidneys of the mice. Imagines are representative of at least 10 mice in each group

(original magnification 3200). L, Schematic model for the role of Notch1 signaling-dependent M2b polarization in the pathogenesis of SLE syndrome

induced by ALD-DNA. ppp , 0.01; pppp , 0.001.
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reports about the effect of Notch1 signaling on the differentiation

and activation of T/B cells, our present study raises the possibility

that Notch1 signaling could also participate in the regulation of

macrophage activation in the SLE mice. Compared with DAPT

treatment in the initiation stage of SLE, DAPT treatment during the

disease progression could also blunt macrophage M2b polarization

and ameliorate glomerulonephritis but only slightly reduce autoan-

tibody titers and autoantibody deposition in SLE mice. It is likely

that GSI treatment could induce remission of established nephritis in

the SLE murine model by suppressing macrophage M2b polariza-

tion, which might be induced by a mechanism downstream of renal

autoantibody deposition (69, 70). Experimental data presented in

this investigation demonstrated that Notch1 signaling activation

involved in the pathogenesis of SLE syndrome through promotion

of ALD-DNA–induced macrophage M2b polarization.

In summary, our present investigation demonstrates that con-

tribution of elevated Notch1 signaling to ALD-DNA–induced

macrophage M2b polarization, which plays a pivotal role in the

pathogenesis of SLE syndrome, could be reversed by a specific

GSI treatment, thus ameliorating SLE syndrome in the murine

model. These innovative findings imply potently the possible de-

velopment of new therapeutic strategies including GSI treatment

for patients with SLE through blunted macrophage M2b polari-

zation by blocking Notch1 activation.
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J. Bariéty. 2001. Predictive power of the second renal biopsy in lupus nephritis:
significance of macrophages. Kidney Int. 59: 304–316.

17. Jothy, S., and R. J. Sawka. 1981. Presence of monocytes in systemic lupus er-
ythematosus-associated glomerulonephritis: marker study and significance. Arch.
Pathol. Lab. Med. 105: 590–593.

18. Kobayashi, M., A. Koyama, M. Narita, and H. Shigematsu. 1991. Intra-
glomerular monocytes in human glomerulonephritis. Nephron 59: 580–585.

19. Lan, H. Y., D. J. Nikolic-Paterson, W. Mu, and R. C. Atkins. 1995. Local
macrophage proliferation in the progression of glomerular and tubulointerstitial
injury in rat anti-GBM glomerulonephritis. Kidney Int. 48: 753–760.

20. Mosser, D. M., and J. P. Edwards. 2008. Exploring the full spectrum of mac-
rophage activation. Nat. Rev. Immunol. 8: 958–969.

21. Mantovani, A., A. Sica, and M. Locati. 2005. Macrophage polarization comes of
age. Immunity 23: 344–346.

22. Benoit, M., B. Desnues, and J. L. Mege. 2008. Macrophage polarization in
bacterial infections. J. Immunol. 181: 3733–3739.

23. Martinez, F. O., L. Helming, and S. Gordon. 2009. Alternative activation of
macrophages: an immunologic functional perspective. Annu. Rev. Immunol. 27:
451–483.

24. Mantovani, A., A. Sica, S. Sozzani, P. Allavena, A. Vecchi, and M. Locati. 2004.
The chemokine system in diverse forms of macrophage activation and polari-
zation. Trends Immunol. 25: 677–686.

25. Li, K., W. Xu, Q. Guo, Z. Jiang, P. Wang, Y. Yue, and S. Xiong. 2009. Differ-
ential macrophage polarization in male and female BALB/c mice infected with
coxsackievirus B3 defines susceptibility to viral myocarditis. Circ. Res. 105:
353–364.

26. Gordon, S. 2003. Alternative activation of macrophages. Nat. Rev. Immunol. 3:
23–35.

27. Artavanis-Tsakonas, S., M. D. Rand, and R. J. Lake. 1999. Notch signaling: cell
fate control and signal integration in development. Science 284: 770–776.

28. Maillard, I., T. Fang, and W. S. Pear. 2005. Regulation of lymphoid development,
differentiation, and function by the Notch pathway. Annu. Rev. Immunol. 23:
945–974.

29. Tanigaki, K., and T. Honjo. 2007. Regulation of lymphocyte development by
Notch signaling. Nat. Immunol. 8: 451–456.

30. Ohishi, K., B. Varnum-Finney, R. E. Serda, C. Anasetti, and I. D. Bernstein.
2001. The Notch ligand, Delta-1, inhibits the differentiation of monocytes into
macrophages but permits their differentiation into dendritic cells. Blood 98:
1402–1407.

31. Hu, X., A. Y. Chung, I. Wu, J. Foldi, J. Chen, J. D. Ji, T. Tateya, Y. J. Kang,
J. Han, M. Gessler, et al. 2008. Integrated regulation of Toll-like receptor re-
sponses by Notch and interferon-gamma pathways. Immunity 29: 691–703.

32. Palaga, T., C. Buranaruk, S. Rengpipat, A. H. Fauq, T. E. Golde,
S. H. Kaufmann, and B. A. Osborne. 2008. Notch signaling is activated by TLR
stimulation and regulates macrophage functions. Eur. J. Immunol. 38: 174–183.

33. Narayana, Y., and K. N. Balaji. 2008. NOTCH1 up-regulation and signaling
involved in Mycobacterium bovis BCG-induced SOCS3 expression in macro-
phages. J. Biol. Chem. 283: 12501–12511.
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