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ABSTRACT

C-reactive protein (CRP), an acute-phase protein with an
ability to bind to nuclear antigen, has been reported to
regulate cytokine secretion and modulate immune
responses. We previously reported that activated syn-
geneic lymphocyte-derived apoptotic DNA (apopDNA)
could induce macrophage activation and contribute to
the initiation and progression of lupus nephritis. It is
reasonable to hypothesize that CRP might regulate
apopDNA-induced macrophage activation. Herein, CRP
was shown to promote macrophage-mediated apopDNA
uptake by binding to apopDNA (CRP/apopDNA complex).
Notably, CRP/apopDNA treatment inhibited the produc-
tion of inflammatory cytokines and chemokines by
macrophages which could be induced by apopDNA
alone. Further coculture and transwell studies revealed
that CRP/apopDNA-induced macrophages prohibited
apopDNA-induced macrophage activation in an IL-10
dependent manner. These results provide insight into the
potential mechanism of CRP regulatory activity in
macrophage activation induced by apopDNA in the
context of lupus nephritis and other autoimmune dis-
eases.

KEYWORDS C-reactive protein (CRP), macrophage
activation, autoimmunity, systemic lupus erythematosus
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INTRODUCTION

Autoimmune response to antigens that are associated with

nucleic acids is a hallmark of systemic autoimmune diseases
such as systemic lupus erythematosus (SLE) (Rahman and
Isenberg, 2008). It has become clear that dysregulation of
apoptosis has been implicated in the pathogenesis of SLE by
increasing the source of self antigens (Kaplan, 2004). During
apoptosis which could be induced by infection, stress, and
other danger signals, DNA was released from apoptotic cells,
but not always provoking autoimmunity, suggesting that free
apoptotic DNA could be cleared by intrinsic physiological
mechanisms (Walport, 2000). Indeed, there is growing
evidence that the binding and ingestion of apoptotic cells
and the released nuclear antigens by monocytes/macro-
phages could influence immune responses remarkably by
enhancing or suppressing inflammation.

In our previously study, by mimicking the amounts of DNA
released from unremoved apoptotic cells in SLE patients, we
immunized female BALB/c mice with activated syngeneic
lymphocyte-derived apoptotic DNA (apopDNA) and estab-
lished the SLE murine model which developed high levels of
anti-dsDNA antibody, proteinuria, immune complex deposi-
tion, and lupus nephritis (Qiao et al., 2005; Wen et al., 2007).
In this lupus murine model, we further revealed that activated
macrophages induced by apopDNA infiltrated into kidneys of
lupus mice and contributed to the initiation and progression of
lupus nephritis, indicating that apopDNA might serve as an
important self immunogen to trigger macrophage activation
and autoimmune responses which eventually lead to the
pathogenesis of SLE (Zhang et al., 2010).

Apart from overload of DNA released from unremoved
apoptotic cells in SLE disease, insufficiency of DNA
clearance represents the other side of the coin. Although
the precise mechanism involved in triggering autoimmune
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response to self antigens is largely unknown, there is now
good experimental evidence for a link between the defective
clearance of apoptotic cells, the released nuclear antigen or
other debris and SLE disease associated with C1q or DNase
deficiency (Taylor et al., 2000; Walport, 2000). More recently,
C-reactive protein (CRP), a member of the pentraxin family
with an ability to bind to nuclear antigens as well as to
damaged membranes and microbial antigens (Du Clos,
1989), was found to play a key role in the protection from
autoimmune disease (Ogden and Elkon, 2005; Rodriguez et
al., 2005; 2006). Moreover, CRP was a prototypic acute
phase protein produced mainly in response to inflammation,
infection, or tissue damage (Garlanda et al., 2005; Bottazzi et
al.,, 2010) and was reported to recognize nuclear autoanti-
gens released from apoptotic cells, opsonize them through
interacting with cell-surface FcyR, thereby activating macro-
phage-mediated phagocytosis (Mold et al., 2001; Bottazzi et
al., 2010). In addition to activating phagocytosis through
FcyR, emerging evidence demonstrated that CRP could also
regulate immune responses (Marjon et al., 2009), indicating
that CRP could modulate nuclear antigen-mediated immune
response.

In this study, we examined the effect of CRP on
macrophage-mediated apopDNA uptake and found that
CRP could bind to apopDNA (CRP/apopDNA complex),
which contributes to facilitating the uptake of apopDNA by
macrophages. Moreover, CRP-mediated apopDNA clear-
ance was found to inhibit macrophage activation which
could be induced by apopDNA alone. CRP/apopDNA-
induced macrophages were shown to prohibit apopDNA-
induced inflammatory cytokine and chemokine production by
macrophages, while this inhibitory effect was abolished when
treated with neutralizing anti-IL-10 antibody, indicating that
CRP/apopDNA could prohibit apopDNA-induced macro-
phage activation in an IL-10 dependent manner. These
results shed a new light into the possible mechanism
underlying CRP-mediated regulatory effect on apopDNA-
induced macrophage activation in the context of SLE disease
and other autoimmune diseases.

RESULTS

CRP binds to apopDNA and promotes
macrophage-mediated apopDNA uptake

Accumulating data indicate that CRP has the capacity of
binding to nuclear antigen (Garlanda et al., 2005; Bottazzi et
al., 2010). To assess the binding ability of CRP to apopDNA,
we performed dot blot analysis and found that CRP could bind
to apopDNA (Fig. 1A and 1B). Further enzyme-linked
immunosorbent (ELISA) assay confirmed that CRP could
bind to apopDNA in a dose-dependent manner (Fig. 1C). In

order to investigate whether the binding of CRP to apopDNA
had any effects on the uptake of apopDNA by macrophages,
flow cytometry was performed to determine the macrophage-
mediated phagocytosis of apopDNA or CRP/apopDNA
complex. It was found that CRP promoted the uptake of
apopDNA by macrophages (Fig. 1D). These data indicate that
CRP binding to apopDNA could efficiently promote apopDNA
uptake by macrophages.

CRP binding to apopDNA inhibits macrophage activation

CRP has been reported to mediate several functions
including cytokine secretion, opsonization of bacteria and
altering or masking autoantigen from immune response
(Rodriguez et al., 2007). To investigate the effect of CRP
binding to apopDNA on macrophage activation, the expres-
sion of various activation markers in macrophages was
analyzed. Similar to previous discovery, macrophages treated
with apopDNA exhibited significantly enhanced expression of
tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), IL-14,
and monocyte chemoattractant protein-1 (MCP-1) (Zhang et
al., 2010), whereas macrophages treated with CRP/
apopDNA complex decreased their mMRNA and protein levels
as compared with apopDNA treatment (Fig. 2A and 2B).
These results indicate that CRP/apopDNA treatment could
prohibit macrophage activation.

The culture supernatants of CRP/apopDNA-induced
macrophages inhibit apopDNA-stimulated macrophage
activation

Since CRP/apopDNA treatment affected the cytokine and
chemokine profile of macrophages, we further assessed the
function of CRP/apopDNA-induced macrophages. Interest-
ingly, enhanced expression levels of TNF-q, IL-6, and MCP-1
in macrophages stimulated with apopDNA were found to be
attenuated by coculture with CRP/apopDNA-induced macro-
phages (Fig. 3A). To determine which components of CRP/
apopDNA-induced macrophages inhibited apopDNA-
stimulated macrophage activation, we performed transwell
assay. Notably decreased levels of TNF-a, IL-6, and MCP-1
were detected when BMDMs (low chamber) were cultured
with CRP/apopDNA-induced macrophages (upper chamber)
in a dual-chamber transwell supplemented with apopDNA
(Fig. 3B). Moreover, expression levels of TNF-qa, IL-6, and
MCP-1 in macrophages drastically decreased when the
cultivation was performed with the culture supernatants
(Culture-sup) of CRP/apopDNA-induced macrophages even
in the presence of apopDNA (Fig. 3C). These data suggest
that the culture supernatants derived from CRP/apopDNA-
induced macrophages could inhibit apopDNA-induced
macrophage activation.
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Figure 1.

AF488-apopDNA

CRP binds to apopDNA and promotes the uptake of apopDNA by macrophages. (A) The binding ability of CRP to

apopDNA was detected by dot blot. (B) The binding ability of CRP to apopDNA in (A) was represented as mean intensity. (C) The
binding ability of CRP to apopDNA was detected by ELISA assay. (D) The phagocytosis of Alexa Fluor 488 labeled apopDNA
(AF488-apopDNA) by macrophages treated with chloroquine was detected by flow cytometry. Data are representative of results
obtained in three independent experiments or means + SD of three independent experiments. *** p<0.001.

IL-10 in the culture supernatants of CRP/apopDNA-
induced macrophages inhibits apopDNA-induced
macrophage activation

To further clarify the molecular mechanism involved in the
inhibitory effect of CRP/apopDNA-induced macrophages,
cytokine profiles in the culture supernatants of CRP/
apopDNA-induced macrophages were screened and drama-
tically increased IL-10 was noticed (Fig. 4A and 4B). As one of
the major inhibitory cytokines, IL-10 has been reported to be
critical to ensure cellular homeostasis and suppression of
inflammatory response (Saraiva and O’'Garra, 2010). Treating
the culture supernatants of CRP/apopDNA-induced macro-
phages with anti-IL-10 neutralizing antibodies abolished the
inhibitory action of the culture supernatants, suggesting that
IL-10 enabled CRP/apopDNA-induced macrophages to
inhibit apopDNA-induced macrophage activation (Fig. 4C).

Furthermore, increased expression levels of TNF-q, IL-6, and
MCP-1 in the apopDNA-induced macrophages were effi-
ciently inhibited by administration of exogenous IL-10
(Fig. 4C). Taken together, these data suggest that IL-10
secreted by CRP/apopDNA-induced macrophages could
inhibit apopDNA-induced macrophage activation.

DISCUSSION

During the past decade, extensive evidence indicates that
dysregulated apoptosis contributes to autoimmune response
in SLE disease by increasing the source of self antigens
(Mohan et al., 1993; Mevorach et al., 1998; Kaplan, 2004).
Although numerous molecules responsible for recognition
and uptake of apoptotic cells and their released nuclear
antigen and other debris have been identified, carefully
regulating the clearance of apoptotic cells and self nuclear
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Figure 2. CRP binding to apopDNA inhibits macrophage activation. CRP was incubated with apopDNA (CRP/apopDNA) for
2 h. BMDMs were treated with PBS, CRP (50 pg/mL), apopDNA (50 pg/mL), or CRP/apopDNA (50 pg/mL). (A) 12 h later, levels of
TNF-a, IL-6, IL-1B, and MCP-1 in macrophages were measured by real-time PCR. (B) 24 h later, levels of TNF-a, IL-6, IL-1B, and
MCP-1 in the culture supernatants of macrophages were measured by ELISA. Data are means+SD of three independent

experiments. *¥* p<0.001.

antigens by macrophages is essential for prevention of
autoimmune response in SLE disease (Mukundan et al.,
2009). Our previous study revealed that apopDNA obtained
from activated syngeneic lymphocyte-derived apoptotic cells
could induce macrophage activation (Zhang et al., 2010),
while the present study shows that CRP functions as a
regulatory factor to modulate the phagocytic response and
prohibit macrophage activation when macrophages are
confronted with apopDNA.

It is known that self nuclear antigens released from
apoptotic cells may be immunogenic in lupus mice, and the
outcome of self nuclear antigen-induced autoimmune
response appears to be regulated by many factors, including
overload of self antigens and the clearance of antigen by
macrophages. In our previous study, activated syngeneic
lymphocyte-derived apopDNA immunization induced macro-
phage activation and subsequent autoimmune response to
self apopDNA, leading to SLE disease, which mimics the
findings that DNAs released from unremoved apoptotic cells
accumulate in SLE patients and result in the onset of
autoimmune response to self nuclear antigens (Qiao et al.,
2005; Wen et al., 2007; Zhang et al., 2010). We also found
that DNAs obtained from syngeneic lymphocyte-derived un-
apoptotic cells (referred as Un-apopDNA) could not induce
macrophage activation and autoimmune response (Zhang et
al., 2010; Chen et al., 2011). These results indicate that
apopDNA serves as an important self nuclear antigen in SLE
disease, and the immunogenicity of apopDNA may be due to
its hypomethylation (Wen et al., 2007). Whether there are
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other factors cooperated with its hypomethylation contribute
to apopDNA-induced macrophage activation and the follow-
ing autoimmune responses remain to be elucidated.

As an important acute phase protein with an ability to bind
to nuclear antigen, CRP has been reported to participate in
modulating cytokine production and immune response
mediated by macrophages in many diseases such as
autoimmune disease, atherosclerosis, and immune thrombo-
cytopenia (Rodriguez et al., 2005; Singh et al., 2006; Marjon
et al., 2009). In the present study, we demonstrated that CRP
functions as an important regulatory factor to modulate
apopDNA-induced autoimmune response mediated by
macrophages. We provided several lines of evidence that
support this notion. First, CRP could bind to apopDNA and
promote apopDNA uptake by macrophages. Secondly, CRP
binding to apopDNA prohibits macrophage activation. More
importantly, CRP/apopDNA-induced macrophages could
block apopDNA-stimulated macrophage activation in an IL-
10 dependent manner. Although CRP could also bind to Un-
apopDNA, it could bind to apopDNA with a higher ability than
Un-apopDNA (data not shown) and efficiently promote the
uptake of apopDNA by macrophages. These results suggest
CRP could modulate apopDNA-induced autoimmune
response via regulating macrophage activation in the context
of SLE disease. Whether other factors also participate in
regulating macrophage activation and autoimmune response
in SLE disease remains unclear.

Emerging evidence revealed that CRP could suppress
inflammation, which has been well documented in studies on
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Figure 3. The culture supernatants of CRP/apopDNA-induced macrophages inhibit apopDNA-induced macrophage
activation. CRP/apopDNA-induced macrophages (CRP/apopDNA M®) were the BMDMs treated with CRP/apopDNA (50 pug/mL)
for 24 h. (A) Coculture: BMDMs were cocultured with medium, apopDNA, or CRP/apopDNA M® plus apopDNA. Levels of TNF-q, IL-
6, and MCP-1 in the culture supernatants were measured by ELISA. (B) Transwell cultures: BMDMs (6 x 10° cells/well, low chamber)
were cultured with medium, BMDMs (5 x10° cells/well, upper chamber), CRP/apopDNA M® (5 x 10° cells/well, upper chamber),
BMDMs (5 x 10° cells/well, upper chamber) plus apopDNA (50 pg/mL), or CRP/apopDNA M® (5 x 10° cells/well, upper chamber)
plus apopDNA (50 pg/mL) in a dual-chamber transwell. 24 h after the initial cultivation, macrophages in the lower chamber harvested
were washed and cultured for an additional 24 h. Levels of TNF-q, IL-6, and MCP-1 in the culture supernatants were measured by
ELISA. (C) Culture-sup: in the presence of apopDNA (50 pg/mL), BMDMs were cultured with complete medium (Medium plus
apopDNA group), complete medium supplemented with the culture supernatants from BMDMs (BMDMs Culture-sup plus apopDNA
group), or complete medium supplemented with the culture supernatants from CRP/apopDNA-induced macrophages (CRP/
apopDNA M® Culture-sup plus apopDNA group) at a ratio of 15% (v/v) for 24 h. The cells harvested were washed and cultured for an
additional 24 h. Levels of TNF-q, IL-6, and MCP-1 in the culture supernatants were measured by ELISA. Data are means + SD of
three independent experiments. ** p<0.01; *** p<0.001.

rabbit CRP transgenic mice (Xia and Samols, 1997). Because
of low levels of CRP (<5 pg/mL) in mice, the murine model
was shown to be useful to test the activity of transgenic or
supplemental CRP in vitro and in vivo (Garlanda et al., 2005).
Human and rabbit CRP could activate mouse complement
and bind to Fcy receptors on mouse macrophages
(Rodriguez et al., 2007), so we chose human CRP to
investigate its roles in modulating macrophage activation.
Whether CRP/apopDNA could bind to Fcy receptors on
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mouse macrophages remains to be investigated. In this study,
we revealed that IL-10 in the culture supernatants of CRP/
apopDNA-induced macrophages inhibited apopDNA-induced
macrophage activation in the context of SLE disease, which is
consistent with a previous study on the effect of CRP
treatment in SLE disease (Rodriguez et al., 2005). However,
discrepancies might also exist over CRP-IL-10 relationship
between our study and other group’s (Singh et al., 2006),
which might be due to the disparation of cell types, the
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Figure 4. IL-10 in the culture supernatants of CRP/apopDNA-induced macrophages is the key factor to inhibit apopDNA-

induced macrophage activation. (A) BMDMs were treated with PBS or CRP/apopDNA (50 pug/mL ) for 24 h. Levels of TNF-a, IL-13,
IL-6, IL-10, IL-12, MCP-1, and TGF-§ in the culture supernatants were measured by ELISA. (B) Levels of IL-10 in the culture
supernatants of macrophages stimulated with increasing amounts of CRP/apopDNA for 24 h were determined by ELISA. (C) The
culture supernatants of BMDMs which were treated with CRP/apopDNA (50 ug/mL) for 24 h (referred as Culture-sup) were
collected. In the presence of apopDNA (50 ug/mL), macrophages were cultured with complete medium (Medium plus apopDNA
group), complete medium supplemented with 20 ng/mL of IL-10 (IL-10 plus apopDNA group), complete medium supplemented with
Culture-sup (Culture-sup plus apopDNA group), or complete medium supplemented with Culture-sup that had been pretreated with
50 ng/mL of anti-IL-10 neutralizing antibodies (Culture-sup plus IL-10 Ab and apopDNA group) or with 50 ng/mL of isotype control
antibodies (Culture-sup plus Control Ab and apopDNA group). 24 h after cultivation, the cells harvested were washed and cultured

for an additional 24 h. Levels of TNF-a, IL-6, and MCP-1 in the culture supernatants were measured by ELISA. Data are means + SD
of three independent experiments. * p<0.05; ** p<0.01; *** p<0.001; NS, not significant.

microenvironment in different diseases, and other unknown
factors. The precise molecular mechanisms involved in CRP/
apopDNA-induced IL-10 production in macrophages need to
be further investigated.

In summary, CRP promotes macrophage-mediated
apopDNA uptake by binding to apopDNA. CRP/apopDNA
complex inhibits apopDNA-induced macrophage activation in
an IL-10 dependent manner. Our results might disclose the
potential mechanism of CRP modulating self nuclear antigen-
induced macrophage activation and the subsequent auto-
immune response to self antigen in SLE disease and other
autoimmune diseases.

MATERIALS AND METHODS
Mice

Six- to eight-week-old female BALB/c mice were purchased from the
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Experimental Animal Center of Chinese Academy of Sciences,
Shanghai, China. Mice were housed in a specific pathogen-free room
under controlled temperature and humidity. All mouse procedures
were conducted according to the Guide for the Care and Use of
Medical Laboratory Animals set up by the Ministry of Health, China, in
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, China.

Cells and cell culture

L929 murine fibrosarcoma cells from ATCC were cultured in RPMI-
1640 medium and maintained in a 5% CO, incubator at 37°C. For
generation of bone marrow-derived macrophages (BMDMs), bone
marrow (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 x 10° cells/mL of medium
and maintained in a 5% CO, incubator at 37°C as described
previously (lto et al., 2009; Li et al., 2009). Six days after initial BM cell
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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).

Reagents

CRP was purified from human pleural effusion fluid as described
previously (Du Clos, 1989). The purity of the CRP isolate was
determined by SDS-PAGE and subsequent Coomassie brilliant blue
staining. No additional bands other than the major band at ~23 kDa
were seen. In addition, to exclude contaminations with LPS, sterile
endotoxin-free plastic ware and reagents were used for CRP
preparation. CRP samples were monitored for low level of endotoxin
by the Limulus amoebocyte lysate assay (BioWhittaker, Walkersville,
MD) according to the manufacturer’s instructions. IL-10 neutralization
antibody and relative isotype IgG were purchased from R&D System
(Minneapolis, MN). Recombinant mouse IL-10 was purchased from
PeproTech (Rocky Hill, NJ).

Preparation of apopDNA

ApopDNA was prepared with murine splenocytes which were
generated from surgically resected spleens of six- to eight-week-
old female BALB/c mice and cultured with Con A (Sigma-Aldrich, St.
Louis, MO) in vitro (Qiao et al., 2005; Wen et al., 2007). In brief,
splenocytes were seeded at 2 x 10° cells/mL in 75 cm? cell culture
flask and cultured in the presence of Con A (5 ug/mL) for 6 days to
induce apoptosis. The apoptotic cells were stained with FITC-
labeled Annexin V (BD Biosciences) and propidium iodide (PI;
Sigma-Aldrich), and sorted using a FACSAria (BD Biosciences).
Genomic 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 & Tissue
Kits (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. To exclude contaminations with LPS, sterile endo-
toxin-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) according to the
manufacturer’s instructions. The concentration of DNA was deter-
mined by detection of the absorbance (A) at 260 nm. The apoptotic
DNA ladder of apopDNA was confirmed by agarose gel electrophor-
esis (AGE).

Binding ability of CRP to DNA

The binding ability of CRP to DNA was detected by dot blot analysis
and ELISA analysis as previously described (Estabrook et al., 2004).
For dot blot analysis, apopDNA (1pug) was spotted on the
nitrocellulose membranes. After the incubation of CRP protein
(1 pg/mL), anti-CRP Abs, and peroxidase-labeled IgG Abs, the
blots were developed with 3, 3'-diaminobenzidine (DAB) to measure
the binding ability of CRP to apopDNA. Quantitative analysis of blots
was done using Mini-Transilluminator (Bio-Rad Laboratories, Her-
cules, CA) equipped with molecular analysis software. The binding
ability of CRP to apopDNA was reflected as mean intensity.

For ELISA analysis, ELISA plates (Costar) were pretreated with
0.5% protamine sulfate (Sigma-Aldrich) and then coated with
apopDNA (1 pg/mL). The wells were blocked with 1% BSA and
incubated with indicated mouse CRP protein. After incubating with

anti-CRP Abs, the binding ability of CRP to apopDNA was detected
with the HRP-conjugated goat anti-mouse 1gG (Southern Biotechnol-
ogy Associates, Birmingham, AL). Tetramethylbenzidine (TMB)
substrate (eBioscience, San Diego, CA) was used to develop colors
and absorbance at 450 nm was measured on a microplate reader
(Bio-Tek ELX800, Bio-Tek Instruments, Winooski, VT).

Real-time PCR analysis

Total RNA was isolated from cultured cells with TRIzol reagent
(Invitrogen, Carlsbad, CA) and was reverse-transcribed (RT) using a
cDNA synthesis kit (Ferments, Burlington, Ontario, Canada) accord-
ing to the manufacturer’s instructions (Xu et al., 2010). Subsequently,
cDNA was subjected to quantitative real-time PCR using a Light-
cycler480 and SYBR Green system (Roche Diagnostics Systems,
Somerville, NJ) following the manufacturer’s protocol.

ELISA assay

To assess protein levels of TNF-q, IL-18, IL-6, IL-10, IL-12, MCP-1,
and transforming growth factor-g (TGF-B) in the cell culture super-
natants, ELISA assays were performed with relative ELISA kits
(eBioscience) according to the manufacturer’s instructions.

DNA uptake in vitro

ApopDNA was labeled with Alexa Fluor 488 (Invitrogen) according to
the manufacturer’s instructions. The labeled apopDNA (referred as
AF488-apopDNA) was purified using Bio-Rad Micro Bio-Spin P-30
column (Bio-Rad, Hercules, CA), and then incubated with purified
CRP protein (CRP/apopDNA) at 37°C for 2 h. BMDMs were treated
with chloroquine (100 ug/mL) before apopDNA (50 pug/mL) or CRP/
apopDNA (50 pug/mL) incubation. The intracellular AF488-apopDNA
was determined by flow cytometry (FACSCalibur) as previously
described (Chung et al.,, 2007). Data were acquired on a BD
FACSCalibur (BD Biosciences) in CellQuest (BD Biosciences) and
analyzed by FlowJo software (Tree Star, Ashland, OR).

Statistical analysis

All data are expressed as means+SD of three independent
experiments or from a representative experiment of three indepen-
dent experiments. The statistical significance of the differences in the
experimental data was examined by the Student's t-test. The
statistical significance level was set at * p<0.05, ** p<0.01,
*kk n<0.001.
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ABBREVIATIONS

apopDNA, activated lymphocyte-derived apoptotic DNA; BM, bone
marrow; BMDM, bone marrow-derived macrophage; CRP, C-reactive
protein; ELISA, enzyme-linked immunosorbent assay; FACS, flow
cytometric; IL-6, interleukin-6; MCP-1, monocyte chemoattractant
protein-1; SLE, systemic lupus erythematosus; TGF-@3, transforming
growth factor-B; TNF-a, tumor necrosis factor-a; Un-apopDNA,
lymphocyte-derived un-apoptotic DNA

REFERENCES

Bottazzi, B., Doni, A., Garlanda, C., and Mantovani, A. (2010). An
integrated view of humoral innate immunity: pentraxins as a
paradigm. Annu Rev Immunol 28, 157-183.

Chen, M., Zhang, W., Xu, W., Zhang, F., and Xiong, S. (2011).
Blockade of TLR9 signaling in B cells impaired anti-dsDNA
antibody production in mice induced by activated syngenic
lymphocyte-derived DNA immunization. Mol Immunol 48,
1532-1539.

Chung, E.Y., Liu, J., Homma, Y., Zhang, Y., Brendolan, A., Saggese,
M., Han, J., Silverstein, R., Selleri, L., and Ma, X. (2007).
Interleukin-10 expression in macrophages during phagocytosis of
apoptotic cells is mediated by homeodomain proteins Pbx1 and
Prep-1. Immunity 27, 952-964.

Du Clos, T.W. (1989). C-reactive protein reacts with the U1 small
nuclear ribonucleoprotein. J Immunol 143, 2553-2559.

Estabrook, M.M., Jack, D.L., Klein, N.J., and Jarvis, G.A. (2004).
Mannose-binding lectin binds to two major outer membrane
proteins, opacity protein and porin, of Neisseria meningitidis. J
Immunol 172, 3784-3792.

Garlanda, C., Bottazzi, B., Bastone, A., and Mantovani, A. (2005).
Pentraxins at the crossroads between innate immunity, inflamma-
tion, matrix deposition, and female fertility. Annu Rev Immunol 23,
337-366.

Ito, T., Schaller, M., Hogaboam, C.M., Standiford, T.J., Sandor, M.,
Lukacs, N.W., Chensue, S.W., and Kunkel, S.L. (2009). TLR9
regulates the mycobacteria-elicited pulmonary granulomatous
immune response in mice through DC-derived Notch ligand
delta-like 4. J Clin Invest 119, 33-46.

Kaplan, M.J. (2004). Apoptosis in systemic lupus erythematosus. Clin
Immunol 112, 210-218.

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

Marjon, K.D., Marnell, L.L., Mold, C., and Du Clos, T.W. (2009).
Macrophages activated by C-reactive protein through Fc gamma
RI transfer suppression of immune thrombocytopenia. J Immunol
182, 1397-1403.

Mevorach, D., Zhou, J.L., Song, X., and Elkon, K.B. (1998). Systemic
exposure to irradiated apoptotic cells induces autoantibody
production. J Exp Med 188, 387-392.

Mohan, C., Adams, S., Stanik, V., and Datta, S.K. (1993). Nucleo-
some: a major immunogen for pathogenic autoantibody-inducing T
cells of lupus. J Exp Med 177, 1367-1381.

Mold, C., Gresham, H.D., and Du Clos, T.W. (2001). Serum amyloid P
component and C-reactive protein mediate phagocytosis through

murine Fc gamma Rs. J Immunol 166, 1200-1205.

Mukundan, L., Odegaard, J.l., Morel, C.R., Heredia, J.E., Mwangi, J.
W., Ricardo-Gonzalez, R.R., Goh, Y.P., Eagle, A.R., Dunn, S.E.,
Awakuni, J.U., et al. (2009). PPAR-delta senses and orchestrates
clearance of apoptotic cells to promote tolerance. Nat Med 15,
1266-1272.

Ogden, C.A., and Elkon, K.B. (2005). Single-dose therapy for lupus
nephritis: C-reactive protein, nature’s own dual scavenger and
immunosuppressant. Arthritis Rheum 52, 378-381.

Qiao, B., Wu, J., Chu, Y.W., Wang, Y., Wang, D.P., Wu, H.S., and
Xiong, S.D. (2005). Induction of systemic lupus erythematosus-like
syndrome in syngeneic mice by immunization with activated
lymphocyte-derived DNA. Rheumatology (Oxford) 44, 1108-1114.

Rahman, A., and Isenberg, D.A. (2008). Systemic lupus erythema-
tosus. N Engl J Med 358, 929-939.

Rodriguez, W., Mold, C., Kataranovski, M., Hutt, J., Marnell, L.L., and
Du Clos, T.W. (2005). Reversal of ongoing proteinuria in
autoimmune mice by treatment with C-reactive protein. Arthritis
Rheum 52, 642-650.

Rodriguez, W., Mold, C., Kataranovski, M., Hutt, J.A., Marnell, L.L.,
Verbeek, J.S., and Du Clos, T.W. (2007). C-reactive protein-
mediated suppression of nephrotoxic nephritis: role of macro-
phages, complement, and Fcgamma receptors. J Immunol 178,
530-538.

Rodriguez, W., Mold, C., Marnell, L.L., Hutt, J., Silverman, G.J., Tran,
D., and Du Clos, T.W. (2006). Prevention and reversal of nephritis
in MRL/lpr mice with a single injection of C-reactive protein.
Arthritis Rheum 54, 325-335.

Saraiva, M., and O’Garra, A. (2010). The regulation of IL-10
production by immune cells. Nat Rev Immunol 10, 170-181.

Singh, U., Devaraj, S., Dasu, M.R., Ciobanu, D., Reusch, J., and
Jialal, I. (2006). C-reactive protein decreases interleukin-10
secretion in activated human monocyte-derived macrophages via
inhibition of cyclic AMP production. Arterioscler Thromb Vasc Biol
26, 2469-2475.

Taylor, P.R., Carugati, A., Fadok, V.A., Cook, H.T., Andrews, M.,
Carroll, M.C., Savill, J.S., Henson, P.M., Botto, M., and Walport, M.
J. (2000). A hierarchical role for classical pathway complement
proteins in the clearance of apoptotic cells in vivo. J Exp Med 192,
359-366.

Walport, M.J. (2000). Lupus, DNase and defective disposal of cellular
debris. Nat Genet 25, 135-136.

Wen, Z.K., Xu, W., Xu, L., Cao, Q.H., Wang, Y., Chu, Y.W., and Xiong,
S.D. (2007). DNA hypomethylation is crucial for apoptotic DNA to
induce systemic lupus erythematosus-like autoimmune disease in
SLE-non-susceptible mice. Rheumatology (Oxford) 46,
1796-1803.

Xia, D., and Samols, D. (1997). Transgenic mice expressing rabbit C-
reactive protein are resistant to endotoxemia. Proc Natl Acad Sci
U S A 94, 2575-2580.

Xu, J., Yun, X., Jiang, J., Wei, Y., Wu, Y., Zhang, W., Liu, Y., Wang, W.,
Wen, Y., and Gu, J. (2010). Hepatitis B virus X protein blunts
senescence-like growth arrest of human hepatocellular carcinoma
by reducing Notch1 cleavage. Hepatology 52, 142-154.

Zhang, W., Xu, W., and Xiong, S. (2010). Blockade of Notch1
signaling alleviates murine lupus via blunting macrophage activa-
tion and M2b polarization. J Immunol 184, 6465-6478.

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2011 679



	ABSTRACT
	KEYWORDS
	INTRODUCTION
	RESULTS
	DISCUSSION

