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Background:MacrophageM2b polarization conferred by self-DNA immunization initiates and propagates lupus nephritis.
Results: Knockdown of DNA-dependent activator of interferon-regulatory factors (DAI) ameliorates SLE syndrome via blunt-
ing macrophage M2b polarization.
Conclusion: DAI functions as a DNA sensor in self-DNA-induced macrophage M2b polarization and lupus nephritis.
Significance:We disclose the mechanism by which self-DNA induces macrophage M2b polarization and lupus nephritis.

DNA-dependent activator of interferon-regulatory factors
(DAI) functions as a cytoplasmic DNA sensor that activates the
innate immune system.Wepreviously found that activated lym-
phocyte-derived self-apoptotic DNA (ALD-DNA) immuniza-
tion led to pathological macrophage activation and M2b polar-
ization, which could initiate and propagate murine lupus
nephritis. However, the specific DNA sensor(s) as well as under-
lying molecular mechanisms involved in ALD-DNA-induced
macrophageM2b polarization in systemic lupus erythematosus
(SLE) disease remains unknown. In this study, we reported that
DAI expression was significantly increased in SLE patients as
well as in lupus mice. Gain- and loss-of-function studies
revealed that DAI was involved in ALD-DNA-induced macro-
phage activation and M2b polarization. Moreover, ALD-DNA
notably induced dimerization/oligomerization of DAI and con-
sequently activation of nuclear factor �B (NF-�B) and inter-
feron regulatory factor 3 (IRF3) signaling pathways via calcium
signaling, resulting inmacrophage activation andM2bpolariza-
tion. More importantly, blockade of DAI in vivo or selective
knockdown of DAI in macrophages could ameliorate SLE syn-
drome via blunting macrophage M2b polarization and inhibit-
ing inflammatory response in lupus mice. Our results suggest
that DAI could function as a DNA sensor and a regulator in
ALD-DNA-induced macrophage M2b polarization and lupus
nephritis, providing the possible molecular mechanisms

involved in ALD-DNA-induced macrophage M2b polarization
in SLE disease andmaking DAI as a potential therapeutic target
for the treatment of SLE.

Nucleic acids, exposed in a cell by infection or by incomplete
clearance during cell apoptosis, can evoke immune responses in
many autoimmune diseases (1–5). Systemic lupus erythemato-
sus (SLE)2 is one of the prototypical inflammatory diseases to be
linked to the aberrant DNA recognition and the associated
autoimmune responses (6–8). In this disease, self-DNA, which
is released from improperly cleared apoptotic cells could trig-
ger the innate immune activation and mediate the onset and
propagation of an aggressive adaptive immune response, lead-
ing to the additional production of autoantibodies and apopto-
sis, indicating that apoptotic DNA and its recognition by the
innate immune system triggers autoreactive Ig production and
autoimmune responses in SLE disease (9–12).
The removal of apoptotic cell debris including self-DNA is a

dedicated function of phagocytic cells, particularly macro-
phages (13). In pathologies in which apoptotic cell clearance is
disrupted, as in SLE, redundant nuclear antigens direct macro-
phage activation and aggravate chronic inflammation (14). As
in human lupus, kidney disease, especially lupus nephritis, is a
major cause of morbidity, which is generally thought to be trig-
gered by deposition of autoantibodies and the subsequent leu-
kocyte infiltration and inflammation (15, 16). Emerging data
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within the inflamed kidneys, which contributes to tissue dam-
age in lupus nephritis by mediating many processes associated
with inflammation, proteinuria, complement activation, and
excessive tissue remodeling (17–20). Recently, accumulating
data demonstrate that renal macrophage infiltration is associ-
ated with poor disease outcome in SLE disease (21, 22).
In our previous study (23), by immunizing syngeneic female

BALB/c with activated lymphocyte-derived apoptotic DNA
(ALD-DNA), mice developed an emblematical SLE syndrome,
indicating that ALD-DNA might serve as an important self-
immunogen to trigger the autoimmune responses, which even-
tually lead to the pathogenesis of SLE (24). Further study dem-
onstrated that ALD-DNA immunization led to macrophage
infiltration and aberrant activation and M2b polarization in
murine renal tissues, whichmediated the onset and aggravation
of SLE disease (25, 26), suggesting that ALD-DNA-induced
aberrant activation and M2b polarization of macrophage plays a
crucial pathogenic role in ALD-DNA-mediated lupus nephritis
and autoimmune response.
Innate immune responses to self-antigen in SLE are often

triggered by self-DNAwhich, under certain circumstances, can
gain assess to the cytoplasm and trigger inflammation (8). Self-
DNA recognition by the innate immune system has a central
role in the vicious cycle in SLE disease (8, 27). However, in
addition to membrane-type Toll-like receptors (TLRs), the
concrete cytoplasmic DNA sensor(s) involved in the self-DNA-
induced autoimmune response in SLE remains to be investi-
gated (28–39). More recently, DNA-dependent activator of
IFN-regulatory factors (DAI) (also referred to as DLM-1/
ZBP1; we refer to it as DAI hereafter for convenience) was
reported to be the first molecule that might function as a
cytoplasmic DNA sensor related to protective and patho-
logic immune responses (40–42). Whether DAI is involved
in ALD-DNA-induced pathological activation of macro-
phages needs to be investigated.
Calcium (Ca2�) functions as a major second messenger that

controls a wide range of important cellular processes inmacro-
phages through the interactions that Ca2� makes (cross-talk)
with other signaling pathways (43). Emerging studies reveal
that many signal-transducing pathways, such as Toll-like
receptor, Fc receptor (FcR), or complement receptor binding,
lead to calcium fluxes within monocytes and macrophages
through the calcium channel or from mobilization from intra-
cellular stores (44, 45). Calcium signaling, therefore, appears to
be highly integrated into the modulation of macrophage activ-
ity. In the current study we sought to determine whether cal-
cium signaling is involved inDAI-mediated signaling inmacro-
phage activation.
We report here that DAI expression is predominantly

increased in SLE patients as well as in ALD-DNA-induced
lupus mice. ALD-DNA could induce the dimerization/oligo-
merization of DAI and consequently activate DAI signaling
pathways via regulating calcium signaling, thus resulting in
macrophage aberrant activation and lupus nephritis, implying
the possible mechanisms for the recognition and regulation of
ALD-DNA-induced pathological macrophage activation in the
context of SLE disease.

EXPERIMENTAL PROCEDURES

Mice—Six- to 8-week-old female BALB/c mice were
obtained from the Experimental Animal Center of Chinese
Academy of Sciences (Shanghai, People’s Republic of China)
and maintained in pathogen-free housing. Animals were han-
dled according to the Guide for the Care and Use of Medical
Laboratory Animals (Ministry of Health, P.R. China) and with
the ethical approval of the Shanghai Medical Laboratory Ani-
mal Care and Use Committee as well as the Ethical Committee
of Fudan University.
Human Samples—A total of 30 SLE patients (28 female, 2

male; age 38� 15 years, disease duration 76.32� 66.10months
(mean � S.D.)), 25 acute bacterial pneumonia patients (23
female, 2 male; age 30 � 12 years), 20 tuberculosis patients
(18 female, 2 male; age 34 � 13 years), 26 asthma patients (23
female, 3 male; age 36 � 10 years), 25 type-I diabetes patients
(22 female, 3 male; age 40 � 14 years), and 30 healthy controls
(26 female, 4 male; age 35 � 14 years (mean � S.D.)), collected
from Renji Hospital and Zhongshan Hospital, were included in
the study. All of the controls were matched with the SLE
patients for age, sex, and race. All SLE patients fulfilled the
American College of Rheumatology classification criteria for
SLE. SLE activity was assessed with the SLE Disease Activity
Index (SLEDAI). All participants are from Chinese Han popu-
lation. The SLE patients with concurrent infections were
excluded from the study. Peripheral blood samples were col-
lected from each subject in tubes containing acid citrate dex-
trose formula A. Use of human tissues with informed consent
was approved by the Institutional Review Board of Fudan
University.
Plasmids and Reagents—Small interfering RNAs (siRNAs)

against the DAI gene DAI siRNA (siDAI), the corresponding
control siRNA (siControl), FLAG-taggedDAI,HA-taggedDAI,
the vector controls, MSCVpac-FLAG-DAI, the retroviral vec-
tor controls, pcDNA3-DAI (pDAI), and pcDNA3 vector were
kindly provided by Prof. Tadatsugu Taniguchi (University of
Tokyo, Tokyo, Japan). DAI shRNA (shDAI) and the corre-
sponding control shRNA (shControl) were obtained from
SantaCruz Biotechnology (SantaCruz). Nuclear factor�B (NF-
�B) luciferase reporter plasmidswere obtained fromStratagene
(Stratagene). Interferon regulatory factor 3 (IRF3) reporter
plasmids were kind gifts from Dr. Takashi Fujita (Tokyo Met-
ropolitan Institute of Medical Science, Tokyo, Japan). The
plasmid pRL-SV40 containing the Renilla luciferase gene was
purchased from Promega (Promega). The pharmacological
reagents including the cell-permeable cytosolic calcium che-
lator O,O�-Bis(2-aminophenyl)ethyleneglycol-N,N,N�,N�-tet-
raacetic acid, tetraacetoxymethyl ester (BAPTA-AM) (blocking
cytosolic calcium), EGTA (blocking entrance of extracellular
calcium), cyclosporin A (CsA, disrupting mitochondrial
calcium), 7-chloro-3,5-dihydro-5-phenyl-1H-4,1-benzothia-
zepine-2-on (CGP37157, an inhibitor of the mitochondrial
sodium-calcium pump), and calciummobilizing agents valino-
mycin and thapsigargin were obtained from Tocris Bioscience
(Bristol).
Cell Culture and Transfection—RAW264.7 cells were cul-

tured in DMEM (Invitrogen) supplemented with 10% FBS
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(Invitrogen) in a 5% CO2 incubator at 37 °C. For generation of
bone marrow-derived macrophages (BMDMs), bone marrow
cells were harvested fromuninfected, normal BALB/cmice and
filtered through nylon mesh. Bone marrow cells were cultured
in L929 cell-conditioned medium at a density of 3 � 105
cells/ml of medium and maintained in a 5% CO2 incubator at
37 °C as described previously (46, 47). Six days after the initial
bone marrow cells culture, the medium was changed and the
purity of F4/80� cells was more than 90%, as determined by
flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA).
PA317 cells were cultured in DMEM (Invitrogen) supple-
mented with 10% FBS on a 100-mm dish at a concentration of
2 � 105 cells/ml for 24 h and transfected with the MSCVpac-
FLAG-DAI plasmid by electroporation as described previously
(48, 49). The culture supernatants of transfected PA317 cells
were harvested and stored at �70 °C. RAW264.7 cells were
infected with the retrovirus from the culture supernatants for
48 h, and then selected with 3.0�g/ml of puromycin (Amresco)
for stable DAI expression clones.
DNAPreparation—ALD-DNAand unactivated lymphocyte-

derived DNA (UnALD-DNA) were prepared with murine
splenocytes that were generated from surgically resected

spleens of 6- to 8-week-old female BALB/c mice and cultured
with or without concanavalin A (Sigma) in vitro as previously
described (25). In brief, for generation of ALD-DNA, spleno-
cyteswere seeded at 2� 106 cells/ml in 75-cm2 cell culture flask
and cultured in the presence of concanavalin A (5 �g/ml) for 6
days to induce apoptosis. The apoptotic cells were stained with
FITC-labeled Annexin V (BD Biosciences) and propidium
iodide (Sigma), and sorted using a FACSAria (BD Biosciences).
Genomic DNAs from syngeneic apoptotic splenocytes were
treatedwith S1 nuclease (Takara Bio, Shiga, Japan) and protein-
ase K (Sigma), and then purified using the DNeasy Blood &
Tissue Kits (Qiagen, Valencia, CA) according to the manufac-
turer’s instructions. UnALD-DNA was prepared with unacti-
vated (resting) splenocytes and extracted using the same
methods. To exclude contaminations with LPS, sterile endo-
toxin-free plasticware and reagents were used for DNA prepa-
ration. DNA sampleswere alsomonitored for low level of endo-
toxin by the Limulus amoebocyte lysate assay (BioWhittaker)
according to the manufacturer’s instructions. The concentra-
tion ofDNAwas determined by detection of the absorbance (A)
at 260 nm. The apoptotic DNA ladder of ALD-DNA was con-
firmed by agarose gel electrophoresis. In the in vitro experi-

FIGURE 1. DAI expression is notably increased in PBMCs of SLE patients. A, real-time PCR analysis of DAI mRNA levels in PBMCs from healthy normal controls
(n � 30), patients with acute bacterial pneumonia (n � 25), tuberculosis (n � 20), asthma (n � 26), type-I diabetes (n � 25), and SLE (n � 30). B, Western blot
analysis of DAI protein levels in PBMCs from SLE patients (S) and relative healthy normal controls (N). Data are representative of results obtained in three
independent experiments, n � 16. C, graphical representations of band intensities in B. Expression of DAI was normalized to GAPDH expression. D, levels of
IFN-� in serum of SLE patients and healthy normal controls were determined by ELISA. Data are mean � S.E. of three independent experiments.
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ments of macrophage activation analysis, ALD-DNA or
UnALD-DNA were transfected into the macrophages with
PEITM (Polyplus Transfection) according to themanufacturer’s
instructions unless otherwise noted.
Generation of SLE Murine Model—To generate the SLE

murinemodel, 6- to 8-week-old syngeneic female BALB/cmice
were divided into several groups of 8–10 mice and subcutane-
ously injected on the back with 0.2 ml of an emulsion contain-
ing ALD-DNA (50 �g/mouse) in PBS plus equal volumes of
CFA (Sigma) at week 0, and followed by two booster immuni-
zations of ALD-DNA (50 �g/mouse) emulsified with IFA
(Sigma) at weeks 2 and 4 for a total of 3 times as previously
described (50).Mice receiving an equal volumeof PBSplusCFA
or IFA, or UnALD-DNA (50 �g/mouse) plus CFA or IFA were
used as controls. Mice were bled from the retro-orbital sinus
prior to immunization and at 2-week intervals until 3 months
after the initial immunization. 8 or 12 weeks later, mice were
sacrificed and surgically resected spleens and kidneys were col-
lected for further analysis.
Gene Silencing in Vitro and in Vivo—To block DAI expres-

sion in macrophages in vitro, RAW264.7 cells and BMDMs
were transfected with siDAI using a Mouse Macrophage
Nucleofector Kit (Amaxa) according to the manufacturer’s
instructions. The cells were then used for subsequent assays
after incubation for 48 h in the presence of puromycin (4.0

�g/ml; Sigma). siDAI was used to suppress endogenous DAI
expression; nonsense sequence was used as siControl. BMDMs
were transfected with shDAI or shControl and cells stably
expressing shDAIwere isolated by puromycin selection accord-
ing to the manufacturer’s instructions. In vivo transfection of
peritoneal cells with siRNA using TransIT-TKO reagent
(Takara Mirus) was performed to block the DAI expression in
peritoneal macrophages in vivo as described (51). The next day
after siRNA treatment, the peritoneal macrophages were col-
lected and purified for further cellular function analysis. The
control siRNA was confirmed not to have any affect on DAI
expression. Real-time PCR andWestern blot analysis were per-
formed to determine the knockdown effect of DAI. No cyto-
toxic effect of siRNAwas observed onmacrophages or onmice.
To block the DAI expression in lupus mice, 6–8-week-old
female BALB/c mice were randomized to inject with siDAI or
siControl using in vivo jetPEITM according to the manufactur-
er’s instructions (Polyplus Transfection) every other 3 days for
6 weeks (52). 24 h after the initial siDAI or siControl treatment,
the mice were immunized with ALD-DNA (50 �g/mouse),
UnALD-DNA (50 �g/mouse), or PBS for 3 times in 4 weeks as
previously described (25). 8 or 12 weeks after the initial immu-
nization, mice were sacrificed and surgically resected spleens
and kidneys were collected for further cellular function and
tissue histology analysis.

FIGURE 2. DAI expression is remarkably up-regulated in ALD-DNA-immunized lupus mice. Six- to eight-week-old female BALB/c mice were immunized
subcutaneously with PBS, UnALD-DNA (50 �g/mouse), or ALD-DNA (50 �g/mouse) for a total of 3 times in 4 weeks. 8 weeks later, mice were sacrificed and
surgically resected hearts, lungs, kidneys, spleens, and kidneys were collected for further analysis. A, DAI mRNA levels in PBMCs from ALD-DNA-immunized
lupus mice and controls were analyzed by real-time PCR. B, DAI mRNA levels in lymphocytes of hearts, lungs, kidneys, spleens, and livers from ALD-DNA-
immunized lupus mice and controls were analyzed by real-time PCR. C, DAI protein levels in lymphocytes of kidneys, spleens, and livers from ALD-DNA-
immunized lupus mice and controls were analyzed by Western blot. D, DAI mRNA levels in dendritic cells (DC), M� (macrophages), T cells, and B cells of kidneys
from ALD-DNA-immunized lupus mice and controls were analyzed by real-time PCR. E, DAI protein levels in renal macrophages from ALD-DNA-immunized
lupus mice and controls were determined by Western blot. F, DAI mRNA levels in splenic M� and peritoneal M� from ALD-DNA-immunized lupus mice and
controls were analyzed by real-time PCR.
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Real-time PCR Analysis—Total RNA was extracted from
peripheral blood mononuclear cell (PBMC), cultured cells,
peritonealmacrophages, renalmacrophages, or lymphocytes of
tissues with TRIzol reagent (Invitrogen) according to the man-
ufacturer’s instructions. The cDNA was synthesized with Pri-
meScript RT reagent kit (Takara Bio). The expression of the
genes encoding DAI, TNF-�, IL-6, IL-10, and monocyte che-
moattractant protein-1 (MCP-1) was quantified by real-time
PCR using a Lightcycler 480 and SYBR Green system (Roche
Diagnostic Systems) following the manufacturer’s protocol
(53).
ELISA and Nitrite Analysis—To assess protein levels of

mouse TNF-�, IL-1�, IL-6, IL-10, IL-12, MCP-1 (eBioscience),
and IFN-� (R&D Systems), ELISAs were performed with rela-
tive ELISA Kits according to the manufacturer’s instructions.
Nitrite derived from NO was determined with the Griess Rea-
gent System (Promega) in macrophage-conditioned medium
according to the manufacturer’s instructions.
Western Blotting and Co-immunoprecipitation—Protein

extraction from cultured cells or tissues, Western blot analysis,
and co-immunoprecipitation were carried out as previously
described (54, 55). Antibodies used here were obtained from
Santa Cruz and included those against �-actin, GAPDH, DAI,
FLAG, HA, and IgG-HRP.
Flow Cytometry Analysis and Cell Sorting—Renal macro-

phages, dendritic cells, T cells, and B cells were sorted from
nephritic single-cell suspensions using a FACSAria (BD Biosci-
ences) with FITC-labeled anti-F4/80 (eBioscience), phyco-
erythrin-labeled anti-CD11b (BD Biosciences), APC-labeled
anti-CD11c (BD Biosciences), FITC-labeled anti-CD4, and
phycoerythrin-labeled anti-CD19, respectively. The purity of

cells was more than 90%, as determined by flow cytometry
(FACSCalibur; BD Biosciences).
Luciferase Reporter Assay—Luciferase activity were per-

formed as described previously (55). In brief,HEK293 cellswere
cotransfected with the mixture of 0.1 �g of NF-�B luciferase
reporter plasmid (pNF-�B-Luc; Stratagene, La Jolla, CA) or 0.1
�g of IRF3 luciferase reporter plasmid (pIRF3-Luc), 0.1 �g of
pRL-SV40 containing Renilla luciferase gene (pRL-SV40-Re-
nilla-Luc; Promega, Madison, WI), with or without the indi-
cated amounts of pcDNA3-DAI (pDAI) or pcDNA3 vector
using Lipofectamine 2000 (Invitrogen) following the manufac-
turer’s instructions. Total amounts of plasmid DNA were
equalized with empty control vector. After 36 h, cells were left
untreated or treated with the indicated amounts of UnALD-
DNA or ALD-DNA for another 12 h. Luciferase activities were
determined using the Luciferase Reporter Assay System
according to the manufacturer’s instructions (Promega, Madi-
son, WI) (55). Luciferase activities were calculated as the per-
centage of the empty pcDNA3 vector and the values were nor-
malized to the activity of Renilla luciferase.
Intracellular Calcium Measurement—Macrophages were

incubated with 2 mM Fluo-4-acetoxymethyl ester (AM)
(Molecular Probes, Eugene, OR) in Ca2�-free Hanks’ balanced
salt solution in the dark at room temperature for 30 min as
previously described (56, 57). Cells were then washed twice and
resuspended in Hanks’ balanced salt solution buffer. Intracel-
lular calcium was monitored at excitation of 496 nm and emis-
sion of 526 nm using SpectraMax Gemini XS dual-scanning
microplate spectrofluorometer (Molecular Devices).
Anti-dsDNA Antibody and Proteinuria Examination—Anti-

dsDNA antibodies in serum ofmice were determined by ELISA

FIGURE 3. DAI expression is significantly up-regulated in macrophages upon ALD-DNA stimulation in vitro. A and B, RAW264.7 cells were stimulated with
PBS, UnALD-DNA (4 �g/ml), or ALD-DNA (4 �g/ml). A, 12 h later, DAI mRNA levels in the macrophages were detected by real-time PCR. B, 24 h later, DAI protein
levels in the macrophages were determined by Western blot. Data are representative of results obtained in three independent experiments. C, peritoneal
macrophages and BMDMs were stimulated with PBS, UnALD-DNA (4 �g/ml), and ALD-DNA (4 �g/ml) for 12 h. DAI mRNA levels in the macrophages were
detected by real-time PCR. D and E, DAI mRNA levels in RAW264.7 cells stimulated with ALD-DNA (4 �g/ml) for the indicated time (D) or with increasing amounts
of ALD-DNA for 12 h (E) were determined by real-time PCR. Data are mean � S.E. of three independent experiments. ***, p � 0.001.
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as described previously (23). In brief, ELISA plates (Costar,
Cambridge, MA) were pretreated with protamine sulfate
(Sigma) and then coated with calf thymus dsDNA (Sigma).
After incubation with mouse serum, the levels of anti-dsDNA
Abs were detected with horseradish peroxidase (HRP)-conju-
gated goat anti-mouse IgG (Southern Biotechnology Associ-
ates, Birmingham, AL). Tetramethylbenzidine substrate was
used to develop colors and absorbance at 450 nmwasmeasured
on amicroplate reader (Bio-Tek ELX800, Bio-Tek Instruments,
Winooski, VT). Proteinuria of the mice was measured with the
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA) according to the manufacturer’s instructions.

Adoptive Transfer of Macrophages—Mice were immunized
with ALD-DNA or PBS plus Freund’s adjuvant as described in
the “Generation of SLE murine model.” Macrophages stably
expressing shDAI (shDAI macrophages) were retrieved and
then injected intravenously into recipient mice (2.5 � 106 cells
per mouse) at 0, 2, and 4 weeks after the initial immunization
for a total of three times.
Pathological Analysis—Murine renal tissues were surgical

resected and fixed in 4% paraformaldehyde (Sigma), processed,
and embedded in paraffin. H&E staining of renal tissue sections
were performed according to the manufacturer’s instructions
and assessed by a pathologist blinded to treatment group. The

FIGURE 4. Knockdown of DAI blocks ALD-DNA-induced macrophage activation in vitro. A and B, RAW264.7 cells were transfected with a plasmid vector
encoding siControl or siDAI, stimulated with ALD-DNA (4 �g/ml), and then subjected to real-time PCR (A) and Western blot analysis (B) to evaluate the
expression of DAI. Data in B are representative of results obtained in three independent experiments. C and D, RAW264.7 cells (C) and BMDMs (D) were
transfected with siControl or siDAI, and treated with PBS, UnALD-DNA (4 �g/ml), or ALD-DNA (4 �g/ml) for 24 h. Levels of TNF-�, IL-6, IL-12, IL-1�, IL-10, MCP-1,
IFN-�, and nitrite (the inducible NO synthase, iNOS) in the culture supernatants of macrophages were measured by ELISA. Data are mean � S.E. of three
independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001; NS, not significant.
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kidney score of glomerulonephritis was determined using the
ISN/RPS2003 classification. Fluorescent staining of cryosec-
tions was used for IC deposition analysis in the glomeruli. Sec-
tions were fixed in acetone for 10 min and incubated with
FITC-conjugated goat anti-mouse IgG (H�L chain specific)
Abs (Sigma) for 30 min. Pictures were acquired with Nikon
SCLIPSS TE2000-S microscope (Nikon, Melville, NY)
equippedwithACT-1 software (Nikon).Originalmagnification
was �200.
Statistical Analysis—Experimental data were presented as

mean � S.E. of at least three independent replicates using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA) and
assessing comparisons between different groups by the Stu-
dent’s t test, one-way analysis of variance. The statistical signif-
icance level was set as *, p� 0.05, **, p� 0.01, and ***, p� 0.001.

RESULTS

DAI Expression Is Significantly Increased in SLE Patients as
well as in Lupus Mice—To investigate whether DAI was
involved in SLE disease, real-time PCR analysis was performed
to detect the levels of DAI in PBMCs of SLE patients and the
matched controls. It was found that DAI expression was signif-
icantly increased in SLE patients as comparedwith healthy nor-
mal controls and patients with acute inflammation from infec-
tion (acute bacterial pneumonia), chronic inflammation from
infection (tuberculosis), allergic reaction (asthma), or other
chronic autoimmune disease (type I diabetes) (Fig. 1A). These
increased mRNA levels of DAI in PBMCs of SLE patients were
confirmed at the protein level byWestern blot (Fig. 1, B andC).

DAI is an IFN-inducible gene and increases type I IFN
responses (40). Therefore, levels of IFN-� in serum of SLE
patients were determined. It was found that levels of IFN-�
were significantly increased in patient sera as compared with
healthy normal controls (Fig. 1D). To further elucidate the
expression of DAI in lupus mice, real-time PCR analysis was
performed to detect the levels of DAI in PBMCs of ALD-DNA-
immunized lupus mice. It was found that DAI expression was
also notably increased in the PBMCs of SLE mice as compared
with controls (Fig. 2A). To characterize the expression of DAI
in lupus mice, lymphocytes from various tissues of lupus mice
including hearts, lungs, kidneys, spleens, and livers were
obtained to evaluate the levels of DAI. The expression of DAI
only increased in lymphocytes obtained from kidneys,
spleens, and livers but not in those from hearts and lungs,
which were confirmed in protein levels (Fig. 2, B and C). As
lupus nephritis was a major cause of morbidity in SLE
patients, kidney tissues were selected to analyze the expres-
sion of DAI in dendritic cells, macrophages, T cells, and B
cells. It was found that DAI expression was remarkably up-
regulated in renal macrophages and dendritic cells, and
highest in macrophages (Fig. 2D). Western blot analysis fur-
ther confirmed the increased expression of DAI in renal
macrophages (Fig. 2E). Moreover, real-time PCR analysis
revealed that DAI expression was also significantly increased
in splenic and peritoneal macrophages (Fig. 2F). These
results suggest that DAI expression is notably increased in
SLE patients and in lupus mice.

FIGURE 5. Overexpression of DAI promotes ALD-DNA-induced macrophage activation. RAW-Vector and RAW-DAI cells were stimulated with ALD-DNA,
UnALD-DNA, or PBS. A, 24 h after stimulation, levels of TNF-�, IL-6, IL-12, IL-1�, IL-10, MCP-1, IFN-�, and nitrite (the inducible NO synthase, iNOS) in the culture
supernatants were measured by ELISA. B, RAW-Vector and RAW-DAI cells were stimulated with increasing amounts of ALD-DNA for 24 h, and cytokine
expression levels of TNF-�, IL-6, IL-10, and IFN-� in the culture supernatants were measured by ELISA. Data are mean � S.E. of three independent experiments.
*, p � 0.05; **, p � 0.01; ***, p � 0.001; NS, not significant.
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DAI Expression Is Significantly Up-regulated inMacrophages
upon ALD-DNA Stimulation—To determine whether ALD-
DNAcould up-regulateDAI expression, real-time PCR analysis
was performed to detect the levels of DAI inmacrophages stim-
ulated with ALD-DNA. Expression of DAI was significantly
enhanced in ALD-DNA-induced macrophages, which was fur-
ther confirmed in protein levels byWestern blot analysis (Fig. 3,A
and B). Besides, ALD-DNA could also increase DAI expression in

peritoneal macrophages and BMDMs (Fig. 3C). Moreover, real-
time PCR analysis showed that ALD-DNA was able to increase
DAI expression in macrophages in time- and dose-dependent
manners (Fig. 3, D and E). These results demonstrate that ALD-
DNA could increase DAI expression inmacrophages.
Knockdown of DAI Blunts ALD-DNA-induced Macrophage

Activation—Our previous study revealed that ALD-DNAcould
induce macrophage activation and M2b polarization in vitro

FIGURE 6. ALD-DNA induces dimerization/oligomerization of DAI and consequently activates DAI signaling pathways. A and B, dimer/oligomer forma-
tion of DAI by ALD-DNA stimulation. HA-tagged DAI (HA-DAI) and FLAG-tagged DAI (FLAG-DAI) were transiently coexpressed in HEK293 cells. The cells were
stimulated with ALD-DNA (4 �g/ml) for the indicated periods (A) or stimulated with increasing amounts of ALD-DNA for 2 h (B) and analyzed by immunopre-
cipitation (IP) with anti-HA antibody, followed by immunoblotting with anti-FLAG (upper) and anti-HA (lower) antibodies. C, HEK293 cells were infected with 0.1
�g of pNF-�B-Luc, plus increasing amounts of pDAI, then left stimulated with UnALD-DNA (1 �g/ml) or ALD-DNA (1 �g/ml). Luciferase activities were measured
and normalized to Renilla luciferase activities. D, HEK293 cells were infected with 0.1 �g of pNF-�B-Luc, plus 0.1 �g of pDAI, then left stimulated with increasing
amounts of UnALD-DNA or ALD-DNA. Luciferase activities were measured and normalized to Renilla luciferase activities. E, HEK293 cells were infected with 0.1
�g of pIRF3-Luc, plus increasing amounts of pDAI, then left stimulated with UnALD-DNA (1 �g/ml) or ALD-DNA (1 �g/ml). Luciferase activities were measured
and normalized to Renilla luciferase activities. F, HEK293 cells were infected with 0.1 �g of pIRF3-Luc, plus 0.1 �g of pDAI, then left stimulated with increasing
amounts of UnALD-DNA or ALD-DNA. Luciferase activities were measured and normalized to Renilla luciferase activities. G and H, macrophages treated with
siDAI or siControl were infected with 0.1 �g of pNF-�B-Luc (G) or pIRF3-Luc (H), plus 0.1 �g of pDAI, then left stimulated with UnALD-DNA (1 �g/ml) or ALD-DNA
(1 �g/ml). Luciferase activities were measured and normalized to Renilla luciferase activities. Data are representative of results obtained in three independent
experiments.
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and in vivo (25, 26). To ascertain the role of DAI in ALD-DNA-
inducedmacrophage activation, we examined the expression of
activation markers in siDAI-treated macrophages. Real-time

PCR and Western blot analysis first confirmed that siDAI
transfection could notably inhibit DAI expression in macro-
phages in the presence of ALD-DNA stimulation (Fig. 4, A and
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B). ELISA further showed that increased levels of TNF-�, IL-6,
IL-12, IL-10,MCP-1, IFN-�, and nitrite (the inducible NO syn-
thase, iNOS) but not IL-1� in ALD-DNA-induced RAW264.7
cells was reversed through knockdown of endogenous DAI by
siDAI (Fig. 4C). Similar effects on inflammatory cytokine expres-
sion were also obtained in primarymousemacrophages (Fig. 4D).
These results suggest that DAI might contribute to ALD-DNA-
inducedmacrophage activation andM2b polarization.
Overexpression of DAI Promotes ALD-DNA-induced Macro-

phage Activation—To further investigate the effect of DAI on
ALD-DNA-induced macrophage activation andM2b polariza-
tion, stable DAI-expressing RAW264.7 (RAW-DAI) and con-
trol (RAW-Vector) 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-�, IL-6, IL-12, IL-10, IFN-�, and nitrite (the
inducible NO synthase, iNOS) but no significant change of
IL-1� and MCP-1 production in RAW-DAI cells compared
with those in RAW-Vector cells (Fig. 5, A and B). Taken

together, these results suggest that increasing DAI expression
could enhance ALD-DNA-inducedmacrophage activation and
M2b polarization.
ALD-DNA Induces Dimerization/Oligomerization of DAI

and Consequently Activates DAI Signaling Pathway—In many
cell types, DNA may serve as a scaffold to mediate the forma-
tion of a tandemarray ofDAImolecules, which then recruit and
activate downstream signaling molecules, such as NF-�B and
IRF3 (40, 58). To test this hypothesis, HA-tagged and FLAG-
tagged DAI were cotransfected into HEK293 cells and stimu-
lated with ALD-DNA. Cell extracts were then prepared and
subjected to immunoprecipitation. As shown in Fig. 6A, co-
immunoprecipitation was observed between the two distinctly
labeled DAI molecules, reaching a maximum at 2 h after ALD-
DNA stimulation. Moreover, ALD-DNA induced dimeriza-
tion/oligomerization of DAI in a dose-dependent manner (Fig.
6B). To further reveal the molecular mechanisms involved in
DAI-mediated macrophage activation induced by ALD-DNA,
we determined the effect of DAI on the activity of NF-�B and

FIGURE 8. Knockdown of DAI by siRNA in vivo hampers the ALD-DNA-induced macrophage activation. In vivo transfection of peritoneal cells with siDAI
was performed to block the DAI expression in peritoneal macrophages in mice. A and B, the peritoneal macrophages purified from siDAI or siControl-treated
mice were stimulated with ALD-DNA (4 �g/ml) in vitro. A, 12 h later, the mRNA level of DAI was analyzed by real-time PCR. B, 24 h later, levels of TNF-�, IL-6, IL-10,
and MCP-1 in the culture supernatants was analyzed by ELISA. Data are mean � S.E. of three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
C, peritoneal macrophages purified from siDAI- or siControl-treated mice were cocultured with CD4� T cells and CD19� B cells isolated from the SLE mice, and
stimulated with ALD-DNA for 6 days. Anti-dsDNA IgG levels in the culture supernatants were evaluated by ELISA. Data are mean � S.E. of three independent
experiments, n � 4. *** , p � 0.001.

FIGURE 7. Calcium signaling orchestrates DAI-mediated macrophage activation induced by ALD-DNA. A and B, HEK293 cells were infected with 0.1 �g of
pNF-�B-Luc (A) or pIRF3-Luc (B), plus 0.1 �g of pDAI for 36 h. The cells were pretreated with EGTA (1 mM), BAPTA-AM (50 �M), CsA (3 �g/ml), or CGP37157 (10
�M) for 2 h, then left stimulated with UnALD-DNA (1 �g/ml) or ALD-DNA (1 �g/ml) for another 12 h. Luciferase activities were measured and normalized to
Renilla luciferase activities. C and D, the siControl or siDAI-expressing macrophages were infected with 0.1 �g of pNF-�B-Luc (C) or pIRF3-Luc (D) for 36 h. The
cells were pretreated with EGTA (1 mM), BAPTA-AM (50 �M), CsA (3 �g/ml), or CGP37157 (10 �M) for 2 h, then stimulated with ALD-DNA (1 �g/ml) for another
12 h. Luciferase activities were measured and normalized to Renilla luciferase activities. E, the siControl or siDAI-expressing macrophages were pretreated with
EGTA (1 mM), BAPTA-AM (50 �M), CsA (3 �g/ml), or CGP37157 (10 �M) for 2 h, then stimulated with ALD-DNA (1 �g/ml) for another 24 h. ELISA analysis was
performed to detect the levels of TNF-�, IL-6, and IFN-�. F and G, the siControl or siDAI-expressing macrophages were infected with 0.1 �g of pNF-�B-Luc (F)
or pIRF3-Luc (G) for 36 h. The cells were pretreated with valinomycin (1 nM) or thapsigargin (20 nM) for 2 h, then stimulated with ALD-DNA (1 �g/ml) for another
12 h. Luciferase activities were measured and normalized to Renilla luciferase activities. H, the siControl or siDAI-expressing macrophages were pretreated with
valinomycin (1 nM) or thapsigargin (20 nM) for 2 h, then stimulated with ALD-DNA (1 �g/ml) for another 24 h. ELISA analysis was performed to detect the levels
of TNF-�, IL-6, and IFN-�. Data are mean � S.E. of three independent experiments. **, p � 0.01; ***, p � 0.001; NS, not significant. I, the siControl or
siDAI-expressing macrophages were stimulated with ALD-DNA (1 �g/ml) for 30 min. The levels of intracellular calcium were measured. J, the siControl or
siDAI-expressing macrophages were stimulated with ALD-DNA (1 �g/ml) for 30 min. Western blot analysis was performed to determine the levels of CaMKII-�
phosphorylation (T286). K, the RAW264.7 cells were pretreated with BAPTA-AM (50 �M) for 2 h, then left stimulated with ALD-DNA (1 �g/ml) for another 24 h.
Western blot analysis was performed to determine the levels of RIP1. Data are representative of results obtained in three independent experiments.
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IRF3 in ALD-DNA-treated cells. It was found that overexpres-
sion of DAI in ALD-DNA-treated cells could activate NF-�B
and IRF3 in a dose-dependent manner (Fig. 6, C-F). However,

knockdown of DAI could significantly inhibit the activity of
NF-�B and IRF3 in ALD-DNA-inducedmacrophages (Fig. 6,G
and H). These results indicate that ALD-DNA could induce
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dimerization/oligomerization of DAI and consequently acti-
vate DAI signaling pathways.
Calcium Signaling Orchestrates DAI-mediated Macrophage

Activation Induced by ALD-DNA—Emerging studies reveal
that calcium signaling is involved in macrophage survival and
activation (44, 59, 60). To determine whether calcium signaling
was required for ALD-DNA-induced macrophage activation,
RAW264.7 cells were treated with the cell-permeable cytosolic
calcium chelator BAPTA-AM (blocking cytosolic calcium),
EGTA (blocking entrance of extracellular calcium), CsA (dis-
rupting mitochondrial calcium), or CGP37157 (an inhibitor of
the mitochondrial sodium-calcium pump). It was found that
the activity of NF-�B and IRF3 induced by ALD-DNA was
blocked by BAPTA-AM, CsA, and CGP37157 treatments but
not EGTA treatment, suggesting that ALD-DNA-induced acti-
vation of NF-�B and IRF3 involves cytosolic calcium activation
and ALD-DNA likely acts on mitochondria calcium control
(Fig. 7, A and B). Next studies were done to determine whether
DAI acts on intracellular calcium to trigger ALD-DNA-in-
duced NF-�B and IRF3 activation. It was found that BAPTA-
AM, CsA, and CGP37157 but not EGTA inhibited DAI-medi-
ated activation of NF-�B and IRF3 and cytokine secretion
induced by ALD-DNA (Fig. 7, C-E). However, BAPTA-AM,
CsA, and CGP37157 had no significant effect on NF-�B and
IRF3 activity and cytokine secretion in siDAI-treated macro-
phages (Fig. 7, C-E). Furthermore, the activity of NF-�B and
IRF3 and cytokine secretion in DAI target siRNA-expression
macrophages could be recovered by reagents that increase the
cytosolic calcium with calcium mobilizing agents valinomycin
and thapsigargin (Fig. 7, F–H). Moreover, it was found that the
levels of cytosolic calcium were regulated by DAI expression in
response to ALD-DNA stimulation (Fig. 7I). These data indi-
cate that DAI alters cytosolic calcium regulation in ALD-DNA-
induced macrophages, leading to cytokine production in
macrophages. As calcium/calmodulin-dependent protein
kinase II (CaMKII) is the major downstream effector of cal-
cium, we further determine the expression of CaMKII.
Although the expression of the � isoform of CaMKII
(CaMKII-�) remained almost unchanged (data not shown), a
marked increase of CaMKII-� phosphorylation (Thr-286) in
macrophages could be observed after stimulation with ALD-
DNA (Fig. 7J). However, this increased effect could be abro-
gated by siDAI treatment (Fig. 7J). This raises the possibility
that the calcium/CaMKII pathway may be potentially involved
in DAI signaling in ALD-DNA-induced macrophages. A previ-
ous study (61) reported that DAI and TRIF recruited RIP1 in a

pathway that activated NF-�B. We further determined the
effect of calcium signaling onRIP1 expression. It was found that
BAPTA-AM, CsA, and CGP37157 treatment could signifi-
cantly inhibit RIP1 expression (Fig. 7K and data not shown). All
these data indicate thatALD-DNAcould induceDAI-mediated
macrophage activation via the calcium/CaMKII pathway.
Decreased DAI Expression in Vivo Impairs Inflammatory

Response of Macrophages against ALD-DNA—To further con-
firm the role of DAI in ALD-DNA-inducedmacrophage activa-
tion, the peritoneal macrophages obtained from siDAI-treated
mice were stimulated with ALD-DNA. Real-time PCR analysis
first confirmed that siDAI treatment could notably inhibit DAI
expression in peritoneal macrophages in the presence of ALD-
DNA stimulation (Fig. 8A). Consistent with the above men-
tioned results, ELISA analysis showed that increased expres-
sion of proinflammatory cytokines TNF-�, IL-6, andMCP-1 in
ALD-DNA-induced macrophages was reversed by knockdown
of endogenous DAI via DAI-specific siRNA (Fig. 8B). IL-10, an
anti-inflammatory cytokine, has been reported to be increased
in SLE patients and its serum level correlates with disease activ-
ity (62–66). So IL-10 levels were also determined by ELISA. It
was found that increased IL-10 levels were reversed by siDAI
treatment (Fig. 8B). Moreover, to clarify the effect of decreased
DAI on the macrophage antigen-presenting ability, we per-
formed ELISA analysis for anti-dsDNA Ab production by B
cells cocultured with macrophages from siDAI-treated mice
combinedwithALD-DNA induction. Anti-dsDNAAbproduc-
tion by B cells was severely decreased by coculturing with
siDAI-treated peritoneal macrophages compared with siCon-
trol-treated cells (Fig. 8C). Taken together, these data indicate
that DAI might play an important role in ALD-DNA-mediated
macrophage activation in vivo.
Blockade of DAI in Vivo Ameliorates SLE Syndrome Accom-

panied with Dampened Macrophage Activation and Decreased
Inflammatory Response in Lupus Mice—To test the hypothesis
that inhibition of DAI could ameliorate the SLE syndrome in
the lupus murine model by suppressing ALD-DNA-induced
macrophage activation, we performed siDAI treatment in lupus
mice. Decreased DAI mRNA level and lower mRNA levels of
the activation markers were found in renal macrophages from
siDAI-treated SLE mice versus those from siControl-treated
SLEmice (Fig. 9,A andB). To clarify the effect of decreasedDAI
on macrophage antigen-presenting ability, we performed
ELISA analysis for anti-dsDNAAb production by B cells cocul-
tured with macrophages from siDAI-treated lupus mice com-
bined with ALD-DNA induction. Anti-dsDNA Ab production

FIGURE 9. Knockdown of DAI in vivo alleviates SLE syndrome accompanied with blunted renal macrophage activation and decreased inflammatory
response in lupus mice. ALD-DNA-immunized lupus mice were treated with siDAI or siControl. PBS- and UnALD-DNA-immunized mice were used as controls.
A, real-time PCR analysis of the DAI mRNA level in renal macrophages purified from siDAI-treated lupus mice or siControl-treated lupus mice at week 12 after
initial immunization. B, at week 12 after initial immunization, mRNA levels of TNF-�, IL-6, IL-10, and MCP-1 in the renal macrophages purified from the mice were
evaluated by real-time PCR. C, at week 12 after the initial immunization, the purified renal macrophages from the siDAI-treated or siControl-treated lupus mice
were cocultured with CD4� T cells and CD19� B cells from the SLE mice, then stimulated with ALD-DNA for 6 days. Levels of anti-dsDNA IgG in the culture
supernatants were analyzed by ELISA. D, at week 12, levels of TNF-�, IL-6, IL-10, and MCP-1 in serum of the mice were determined by ELISA. E, at week 12, kidney
tissue was collected and homogenized, the expressions of TNF-�, IL-6, IL-10, and MCP-1 were determined by ELISA. F, serum anti-dsDNA Ab level every 2 weeks
were measured by ELISA. G, urine protein levels of mice were assessed by the BCA Protein Assay kit. Data in A-G are mean � S.E. of three independent
experiments, n � 8. H, 12 weeks after the initial immunization, glomerular immune deposition was detected by direct immunofluorescence for IgG in frozen
kidney section of mice. Representative images (magnification �200) of 10 mice are shown for each group. I, mean glomerular fluorescence intensity (arbitrary
units) was determined for IgG in siDAI-treated lupus mice and siControl-treated lupus mice at week 12 after the initial immunization, n � 10. **, p � 0.01. J, 12
weeks after initial immunization, nephritic pathology was evaluated by H&E staining of renal tissues. Images (magnification �200) are representative of at least
10 mice in each group. K, the kidney score was assessed using paraffin sections stained with H&E in J. ***, p � 0.001.
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by B cells was severely reduced by coculturing with macro-
phages from siDAI-treated SLE mice as compared with those
from siControl-treated SLE mice (Fig. 9C). ELISA analysis
showed decreased levels of inflammatory cytokines in serum

and kidney tissues of siDAI-treated lupusmice (Fig. 9,D and E).
Furthermore, remarkably reduced anti-dsDNA Abs (Fig. 9F),
decreased urine protein levels (Fig. 9G), reduced immune com-
plex (IC) deposition (Fig. 9,H and I), alleviated renal pathology
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(Fig. 9J), and decreased kidney score (Fig. 9K) were found in
siDAI-treated lupusmice (Fig. 9, F–K). These data demonstrate
that siDAI treatment could alleviate nephritis in the lupus
murine model accompanied with blunting macrophage activa-
tion and inhibiting inflammatory response.
Knockdown of DAI in Macrophages Ameliorates SLE Syn-

drome via Suppressing Macrophage Activation and Inhibiting
Inflammatory Response in Lupus Mice—To further test the
hypothesis that inhibition ofDAI could ameliorate the SLE syn-
drome in lupus mice by suppressing ALD-DNA-induced
macrophage activation, we injected ex vivo programmed
shDAI-macrophages (treated by shDAI) or shControl-macro-
phages (treated by shControl) into lupus mice. Decreased DAI
mRNA level (Fig. 10A), reduced NF-�B and IRF3 activity (Fig.
10B), and lower mRNA levels of the activation markers (Fig.
10C) were found in renal macrophages from lupus mice adop-
tively transferred with shDAI-macrophages versus those from
lupus mice adoptively transferred with shControl-macro-
phages. To clarify the effect of decreased DAI on the macro-
phage antigen-presenting ability, we performed ELISA analysis
for anti-dsDNA Ab production by B cells cocultured with
macrophages from lupus mice adoptively transferred with
shDAI-macrophages combined with ALD-DNA induction.
Anti-dsDNA Ab production by B cells was severely reduced by
being cocultured with macrophages from lupus mice adop-
tively transferred with shDAI-macrophages (Fig. 10D). ELISA
analysis showed decreased levels of inflammatory cytokines in
serum and kidney tissues of lupus mice adoptively transferred
with shDAI-macrophages (Fig. 10, E and F). Furthermore,
remarkably reduced anti-dsDNA Abs (Fig. 10G), decreased
urine protein levels (Fig. 10H), reduced immune complex dep-
osition (Fig. 10, I and J), alleviated renal pathology (Fig. 10K),
and decreased kidney score (Fig. 10L) were found in lupusmice
adoptively transferredwith shDAI-macrophages (Fig. 10,G–L).
These data demonstrate that selective knockdown of DAI in
macrophages could alleviate nephritis in lupus mice through
blunting macrophage activation and inhibiting the inflamma-
tory response.

DISCUSSION

The data presented herein demonstrate for the first time, to
our knowledge, that DAI was identified as an essential DNA
sensor and regulator of ALD-DNA-induced macrophage aber-

rant activation and attendant functions in SLE disease. We
found thatDAI expressionwas predominantly increased in SLE
patients as well as in ALD-DNA-immunized lupus mice. ALD-
DNA led to dimerization/oligomerization of DAI and conse-
quently activatedDAI signaling pathways via calcium signaling,
thus resulting in pathological macrophage activation and SLE
disease. These results suggest that DAI might contribute to the
ALD-DNA-induced pathogenic immune responsemediated by
macrophages, which could be useful for deciphering the mech-
anisms of ALD-DNA-inducedmacrophage activation andM2b
polarization in the context of SLE disease and other self-DNA-
mediated autoimmune disease.
It is well established that DAI, the first molecular to be

reported that might function as a cytoplasmic DNA receptor, is
involved in the regulation of innate immune response when
exposed to DNA (40, 67). Self-DNA has long been regarded as
the key nucleic antigen to trigger the inflammatory autoim-
mune response in SLE disease (68, 69). In our previous study,
we demonstrated that immunizing syngenetic female BALB/c
with self-ALD-DNA could induce macrophage activation and
M2b polarization, which initiated the subsequent adaptive
immune response, thus resulting in the onset and development
of SLE disease, indicating that ALD-DNA could serve as a crit-
ical self-antigen to trigger autoimmune response in SLE disease
(25).We hypothesize that DAImight be a putative DNA sensor
and regulator that contributed to the ALD-DNA-induced
immune response. We provided several lines of evidence that
supported this notion. First, DAI expression was notably
increased in ALD-DNA-induced lupus mice. Second, ALD-
DNA induced the up-regulation of DAI expression in macro-
phages in vitro and in vivo. By knockdown or overexpression of
DAI, we found that DAI was involved in ALD-DNA-induced
macrophage activation and M2b polarization. Third, ALD-
DNA stimulation led to dimerization/oligomerization of DAI
and activation of DAI signaling pathways via calcium signaling.
More importantly, knockdown of DAI attenuated the ALD-
DNA-induced macrophage activation and alleviated SLE dis-
ease. These results demonstrated that the predominantly acti-
vated DAI signaling induced by ALD-DNA triggered and
regulated the macrophage aberrant activation and M2b polariza-
tion in SLE disease. However, the concrete mechanisms involved
in the binding of DAI to ALD-DNA remain to be revealed.

FIGURE 10. Adoptive transfer of macrophages stably expressing shDAI alleviates lupus nephritis. Macrophages stably expressing shDAI (shDAI M�) were
retrieved and 2.5 � 106 injected (i.v.) into mice at weeks 0, 2, and 4 after the initial ALD-DNA immunization. Mice injected with macrophages expressing
shControl (shControl M�) were used as control. A, real-time PCR analysis of the DAI mRNA level in renal macrophages purified from shDAI macrophage-treated
lupus mice or shControl macrophage-treated lupus mice at week 12 after the initial immunization. B, the renal macrophages purified from lupus mice
adoptively transferred with shDAI-macrophages were infected with 0.1 �g of pNF-�B-Luc or pIRF3-Luc for 36 h. The cells were stimulated with ALD-DNA (1
�g/ml), UnALD-DNA (1 �g/ml), or PBS for another 12 h. Luciferase activities were measured and normalized to Renilla luciferase activities. C, at week 12 after
the initial immunization, mRNA levels of TNF-�, IL-6, IL-10, and MCP-1 in the renal macrophages purified from shDAI macrophage-treated lupus mice or
shControl macrophage-treated lupus mice were evaluated by real-time PCR. D, at week 12 after the initial immunization, the purified renal macrophages from
the shDAI macrophage-treated lupus mice or shControl macrophage-treated lupus mice were cocultured with CD4� T cells and CD19� B cells from the SLE
mice, then stimulated with ALD-DNA for 6 days. Levels of anti-dsDNA IgG in the culture supernatants were analyzed by ELISA. E, at week 12, levels of TNF-�, IL-6,
IL-10, and MCP-1 in serum of the mice were determined by ELISA. F, at week 12, kidney tissues were collected and homogenized, the expression of TNF-�, IL-6,
IL-10, and MCP-1 were determined by ELISA. G, serum anti-dsDNA Ab level every 2 weeks were measured by ELISA. H, urine protein levels of mice were assessed
by the BCA Protein Assay kit. Data in A-H are mean � S.E. of three independent experiments, n � 8. I, 12 weeks after the initial immunization, glomerular
immune deposition was detected by direct immunofluorescence for IgG in frozen kidney sections of mice. Representative images (magnification �200) of 10
mice are shown for each group. J, mean glomerular fluorescence intensity (arbitrary units) was determined for IgG in shDAI macrophage-treated lupus mice or
shControl macrophage-treated lupus mice at week 12 after the initial immunization, n � 10. **, p � 0.01. K, 12 weeks after the initial immunization, nephritic
pathology was evaluated by H&E staining of renal tissues. Images (magnification �200) are representative of at least 10 mice in each group. L, the kidney score
was assessed using paraffin sections stained with H&E in J. ***, p � 0.001.
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Although DAI was the first identified DNA sensor responsi-
ble for activation of the innate immune response (8), it was clear
from the present results that there might be an additional cyto-
solic DNA sensor existing for ALD-DNA-inducedmacrophage
activation, as evidenced by partially reduced inflammatory
cytokine levels andno significant change of IL-1�production in
siDAI-treated macrophages or macrophages obtained from
siDAI-treated mice (data not shown). Our results demon-
strated further the complex nature of the DNA-induced activa-
tion of innate immunity. Further studies on the identification of
another ALD-DNA sensor(s) are required to be investigated.
Moreover, a previous study revealed that DAI differentially
contributed to the initiation of innate immune response,
depending on the cell type and the microenvironment, as evi-
denced by the different roles of DAI in L929 cells, mouse
embryonic fibroblasts, or human cells etc. (41, 70, 71). Here we
found that DAI was involved in the ALD-DNA-induced
immune response in RAW264.7 cells, BMDMs, and peritoneal
macrophages. Whether DAI contributed to self-apoptotic
DNA-mediated autoimmune response in human macrophages
and in SLE patients remain to be revealed. Finally, howDAI and
other DNA sensor(s) are involved in the ALD-DNA-induced
pathologic immune response in SLE disease awaits further
investigation. In this context, analysis of DAI knock-out mice,
which were immunized with ALD-DNA, may be useful in
helping to clarify the role of DAI in the ALD-DNA-induced
pathogenic autoimmune response. But the present study dem-
onstrated that other existing DNA sensor(s) contributed to
ALD-DNA-mediated macrophage activation, analysis of the
DAI knock-out mice could not elucidate the concrete role of
DAI until the other involved DNA sensor(s) and its function in
ALD-DNA-induced immune response were identified.
Calcium is a ubiquitous intracellular signal responsible for

controlling numerous cellular processes, and found to be
important for the functions of macrophages (59, 60). Recent
studies revealed that calciumwas involved in regulating diverse
cellular responses via cross-talking with other signaling path-
ways including Toll-like receptor, Fc receptor, and comple-
ment receptor induced signaling (44, 45). In this study, we dem-
onstrated that BAPTA-AM, CsA, and CGP37157 treatments,
but not EGTA treatment, could inhibitNF-�B and IRF3 activity
in ALD-DNA-stimulated macrophages, whereas the NF-�B
and IRF3 activity in DAI-specific siRNA-expressing macro-
phages can be recovered by reagents that increase cytosolic cal-
cium, indicating that the binding of DAI to ALD-DNA can trig-
ger the elevation of intracellular calcium in macrophages, and
in turn calcium promotes inflammatory cytokine production
via activating NF-�B and IRF3. Therefore, positive cross-talk
with the calcium signaling pathway is required for full activa-
tion of DAI-mediated responses inmacrophages. However, the
molecular mechanisms underlying the cross-talk between DAI
and the calcium pathway in macrophage activation needs fur-
ther investigation.
In conclusion, our study demonstrates that ALD-DNA

induces the dimerization/oligomerization of DAI, and then
activation ofDAI signaling pathways via calcium signaling, thus
resulting in macrophage aberrant activation and SLE disease.
These findings imply the possible mechanisms involved in the

recognition and regulation of ALD-DNA-induced pathological
innate immune response mediated by macrophages in the con-
text of SLE disease.
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