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Obesity	and	type	2	diabetes	are	associated	with	chronic	inflammation.	Adiponectin	is	an	adipocyte-derived	hor-
mone	with	antidiabetic	and	antiinflammatory	actions.	Here,	we	demonstrate	what	we	believe	to	be	a	previously	
undocumented	activity	of	adiponectin,	facilitating	the	uptake	of	early	apoptotic	cells	by	macrophages,	an	essen-
tial	feature	of	immune	system	function.	Adiponectin-deficient	(APN-KO)	mice	were	impaired	in	their	ability	
to	clear	apoptotic	thymocytes	in	response	to	dexamethasone	treatment,	and	these	animals	displayed	a	reduced	
ability	to	clear	early	apoptotic	cells	that	were	injected	into	their	intraperitoneal	cavities.	Conversely,	adiponectin	
administration	promoted	the	clearance	of	apoptotic	cells	by	macrophages	in	both	APN-KO	and	wild-type	mice.	
Adiponectin	overexpression	also	promoted	apoptotic	cell	clearance	and	reduced	features	of	autoimmunity	in	lpr	
mice	whereas	adiponectin	deficiency	in	lpr	mice	led	to	a	further	reduction	in	apoptotic	cell	clearance,	which	was	
accompanied	by	exacerbated	systemic	inflammation.	Adiponectin	was	capable	of	opsonizing	apoptotic	cells,	and	
phagocytosis	of	cell	corpses	was	mediated	by	the	binding	of	adiponectin	to	calreticulin	on	the	macrophage	cell	
surface.	We	propose	that	adiponectin	protects	the	organism	from	systemic	inflammation	by	promoting	the	clear-
ance	of	early	apoptotic	cells	by	macrophages	through	a	receptor-dependent	pathway	involving	calreticulin.

Introduction
It  is  becoming  increasingly  recognized  that  obesity-induced 
inflammation is an important component in the development 
of insulin-resistant diabetes and other cardiovascular disorders 
(1). Adiponectin (ACRP30) is an abundant circulating adipocyte-
derived cytokine that is decreased in obese individuals (2–5). Epi-
demiological studies have implicated adiponectin in modulating 
insulin resistance, atherogenesis, angiogenesis, and cardiac remod-
eling (6–11). These effects are thought to be mediated by adiponec-
tin binding to various cell surface receptors (12, 13) and activation 
of signaling pathways within the target cell (12).

Adiponectin exhibits an array of antiinflammatory properties 
(14, 15). Several clinical studies documented the relationship 
between low-plasma adiponectin concentrations and high lev-
els of C-reactive protein, an established inflammatory marker 
in various populations (16–20). Experimental studies show that 
adiponectin reduces TNF-α production  in  response  to vari-
ous stresses in plasma, adipose tissue, vascular wall, heart, and 
liver (8, 9, 21–23). Adiponectin also antagonizes several of the 
inflammatory effects of TNF-α (15). Conversely, proinflamma-
tory cytokines, including TNF-α, attenuate adiponectin expres-
sion in adipose tissue, resulting in a reduction of plasma adi-
ponectin levels (15). Despite the importance of inflammation 
in metabolic and vascular disease, the mechanisms of immune 

system regulation by adiponectin are incompletely understood 
at a molecular level.

Adiponectin accounts for 0.01% of the total plasma protein (24). In 
contrast, many growth factors and cytokines that interact with cell 
surface receptors to activate intracellular signaling cascades are pres-
ent at levels that are lower by a factor of 1,000. This led us to speculate 
that adiponectin has an important regulatory function that involves 
low-affinity macromolecular interactions. In this regard, adiponectin 
is structurally similar to surfactant proteins and C1q, which serve 
an antiinflammatory function by promoting the clearance of apop-
totic cell debris. Surfactant proteins and C1q function as bridging 
proteins that bind to recognition motifs on dying cells and couple 
them to receptors on phagocytic cells (25). This activity promotes the 
efficient removal of apoptotic debris from the body, which is critical 
in preventing pathological inflammation and immune system dys-
function (26). Since obesity and hypoadiponectinemic conditions are 
associated with chronic inflammation (27), we tested whether adipo-
nectin contributes to the control of systemic inflammation through 
an ability to promote the clearance of early apoptotic cells.

Results
To determine whether adiponectin contributes to the clearance of 
apoptotic particles in vivo, adiponectin-deficient (APN-KO) and WT 
mice were injected with dexamethasone to induce massive thymo-
cyte apoptosis (28). At 24 hours after dexamethasone treatment, the 
thymi of APN-KO and WT mice were assessed for apoptotic cells in 
histological sections by TUNEL staining. Few TUNEL-positive cells 
were observed in the thymi of untreated APN-KO and WT mice. 
However, the thymi of dexamethasone-treated APN-KO mice showed 
1.8-fold greater remnant apoptotic cells than those of similarly treat-
ed WT mice (Figure 1A); this was accompanied by a 2.7-fold increase 
in caspase-3 activity in tissue homogenates (data not shown). The 
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i.v. preadministration of an adenoviral vector expressing adiponectin 
(Ad-APN) but not a control protein (Ad–β-gal) significantly dimin-
ished the level of TUNEL-positive cells in APN-KO thymi. This meth-
od of delivery results in transduction of liver, and the production of 
circulating adiponectin oligomers by liver is similar to that found in 
WT mice (11). Plasma adiponectin levels under these conditions were 
13.1 ± 0.6 μg/ml in WT/Ad–β-gal, 19.0 ± 1.4 μg/ml in WT/Ad-APN, 
less than 0.05 μg/ml in APN-KO/Ad–β-gal, and 13.7 ± 0.5 μg/ml in 
APN-KO/Ad-APN. The elevation of plasma adiponectin by Ad-APN 
transduction in WT mice also led to a statistically significant decrease 
in the number of cell corpses in the thymus.

Immunohistological analysis revealed that adiponectin accumu-
lated in the thymi of WT mice following treatment with dexameth-
asone (Supplemental Figure 1A; supplemental material available 
online with this article; doi:10.1172/JCI29709DS1), suggesting that 
this protein enters the damaged tissue via leakage from the vascular 
compartment. Thymi sections from APN-KO mice showed no signal, 
except in the case of Ad-APN treatment. Ad-APN–treated APN-KO  
mice also showed accumulation of adiponectin in the thymi of 
dexamethasone-treated  mice.  Immunofluorescent  analysis  of 
thymi sections revealed that adiponectin colocalized with the mac-
rophage marker CD11b, suggesting that adiponectin is recruited to 
phagocytic cells within this tissue (Supplemental Figure 1B).

Additional histological analyses were performed on the thymi of 
APN-KO and WT mice that had been treated with dexamethasone 
to assess the percentage of macrophages containing apoptotic 
debris (29). The percentage of macrophages with ingested TUNEL-
positive material was significantly lower in the thymi of APN-KO 
mice than in those of WT mice (Figure 1B). Adenovirus-mediated 
expression of adiponectin reversed the observed deficit in macro-

phage phagocytosis in APN-KO mice and increased the frequency 
of macrophages containing apoptotic debris in WT mice. In con-
trast, treatment with Ad-APN or adiponectin deficiency had no 
effect on the total number of macrophages present in the histolog-
ical sections of thymi from either strain of mice (data not shown). 
To explore whether adiponectin action in the thymus could result 
from its ability to inhibit dexamethasone-induced apoptosis, thy-
mocytes were isolated from WT mice and incubated with 1 μM 
dexamethasone in the presence or absence of recombinant adi-
ponectin. While dexamethasone increased thymocyte apoptosis 
approximately 4-fold in vitro (P < 0.05), the inclusion of 50 μg/ml 
adiponectin had no detectable effect on basal or dexamethasone-
induced cell death (Supplemental Figure 2). Collectively, these 
data suggest that the adiponectin-mediated reduction in apoptot-
ic cells in the thymus results from the increased clearance of cell 
corpses rather than the inhibition of thymic cell death.

To directly determine whether adiponectin deficiency affects 
phagocytic activity of macrophages in vivo, early apoptotic Jur-
kat T cells were labeled with 5- and 6- carboxytetramethylrhoda-
mine, succinimidyl ester (TAMRA, SE), a rhodamine fluorescent 
amino-reactive marker, and injected into the intraperitoneal cavity 
of APN-KO and WT mice (Figure 2A). These mice were pretreated 
with thioglycollate to recruit inflammatory macrophages, and  
Ad-APN or the control vector Ad–β-gal was delivered via the jugu-
lar vein of WT or APN-KO mice 3 days prior to injection of apop-
totic bodies. At 30 minutes after the injection of apoptotic T cells, 
peritoneal cells were recovered and the uptake of apoptotic bodies 
was assessed by flow cytometric analysis of macrophages that were 
dual-labeled with F4/80, a macrophage marker, and TAMRA, SE. 
APN-KO mice were significantly impaired in the phagocytic uptake 

Figure 1
APN deficiency leads to the accumulation of apoptotic debris. (A) WT and APN-KO mice were treated with dexamethasone (DEX), and thymi 
were stained for apoptotic cells with TUNEL. In some experiments, mice received an i.v. infusion of Ad-APN or Ad–β-gal 2 days prior to injection of 
dexamethasone. The number of TUNEL-positive cells per microscopic field for the different experimental conditions is reported. *P < 0.05 versus 
WT; †P < 0.05 versus Ad–β-gal for WT or APN-KO (n = 3–6). (B) Adiponectin stimulates macrophage engulfment of TUNEL-positive apoptotic 
debris in thymi of dexamethasone-treated mice. Histological sections were stained with TUNEL (green) and anti-CD11b antibody (red). Scale bar: 
20 μm. Colocalization is indicated by yellow in the merged images. ††P < 0.01 versus Ad–β-gal for WT or APN-KO (n = 3–6). M, macrophage.
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of labeled apoptotic cells compared with WT mice (16.2% ± 1.6% 
versus 35.1% ± 1.4%, TAMRA, SE–positive macrophages, respec-
tively) (Figure 2B). Adenovirus-mediated overexpression of adipo-
nectin rescued the impaired apoptotic cell uptake by macrophages 
in the peritoneum of APN-KO mice and increased the phagocytic 
activity of macrophages in WT mice. Phagocytic activity could be 
stimulated to a similar degree if recombinant human adiponectin 
protein, produced in a baculovirus expression system, was injected 
in the intraperitoneal cavity with the apoptotic cells (Supplemental 
Figure 3). In these assays, adiponectin deficiency did not affect the 
recruitment of macrophages by thioglycollate treatment, nor did it 
affect peritoneal levels of TNF-α (Supplemental Figure 4).

The lpr mice harbor a mutation in the gene encoding Fas, and 
they exhibit impaired clearance of dying cells (30). This deficiency 
contributes to systemic inflammation and lymphadenopathy in 
C57BL/6 mice whereas lpr in the MRL/Mp+/+ background produc-
es more severe inflammation and animals develop autoimmune 
phenotypes (31, 32). Similarly to what is observed in APN-KO 
mice, both strains of lpr mice displayed an impaired clearance of 
apoptotic cells that were injected into the peritoneum (Figure 2A). 
Conversely, adenovirus-mediated overexpression of adiponectin 
stimulated apoptotic cell phagocytosis by macrophages in both 
B6.lpr and MRL.lpr mice (Figure 2B).

B6.lpr and MRL.lpr mice accumulated apoptotic debris in lymph 
nodes, with higher levels occurring in the MRL/Mp+/+ background. 
Basal plasma adiponectin levels were 13.1 ± 0.6 μg/ml in B6.WT, 
12.5 ± 1.6 μg/ml in B6.lpr, and 10.6 ± 0.4 μg/ml in MRL.lpr mice.  

Ad-APN administration led to plasma adiponectin levels of 19.5 ± 2.4  
and 23.4 ± 3.8 μg/ml in B6.lpr and MRL.lpr mice, respectively, at 3 
days after infection and decreased levels of TUNEL-positive material 
in submandibular lymph nodes of both strains relative to those of 
control mice that were treated with the equivalent titer of Ad–β-gal 
(Figure 3A). Both B6.lpr and MRL.lpr mice developed autoreactive 
anti-nuclear antibodies (ANA), although levels were higher in the 
MRL background. Fourteen days after Ad-APN treatment, ANA lev-
els were reduced by factors of 8.9 and 3.6 in B6.lpr and MRL.lpr mice, 
respectively (Figure 3B). ANA levels were not detectable in WT mice 
(data not shown). MRL.lpr but not B6.lpr mice also develop anti–
double-stranded DNA (anti-dsDNA) antibodies, which are found 
in patients with systemic lupus erythematosus. Adiponectin over-
expression lowered the mean level of anti-dsDNA antibodies by a 
factor of 4.6 in MRL.lpr mice. The effects of adiponectin overexpres-
sion on renal function and morphology were also evaluated because 
this organ is damaged by the autoimmune disease in MRL.lpr mice. 
Adiponectin overexpression led to a modest but reproducible reduc-
tion in glomerular tuft volume at 14 days following Ad-APN deliv-
ery (Figure 3C) and reduced the accumulation of immune complex 
deposition in the kidney as assessed by immunofluorescence (data 
not shown). Consistent with these findings, adiponectin overexpres-
sion suppressed urinary albumin excretion (Figure 3C). Additional 
studies showed that MRL.lpr mice displayed normal glucose sen-
sitivity relative to MRL/Mp+/+ mice and that adenovirus-mediated 
overexpression of adiponectin in MRL.lpr mice did not affect body 
weight or circulating insulin levels (Supplemental Figure 5, A–C). 
Thus, adiponectin’s actions in this model were largely antiinflam-
matory rather than metabolic. Consistent with this notion, adipo-
nectin overexpression led to a reduction in circulating TNF-α in 
MRL.lpr mice (Supplemental Figure 5D).

APN-KO/lpr mice were generated on the C57BL/6 background 
so that we could evaluate whether adiponectin deficiency would 
further impair apoptotic cell clearance and promote inflammation 
relative to the B6.lpr and APN-KO parental strains. Macrophage 
uptake of apoptotic cells in the peritoneum of APN-KO/lpr mice was 
significantly less than in either parental strain as assessed by flow 
cytometric analysis of TAMRA, SE and F4/80 dual-positive macro-
phages at 10 weeks of age (Figure 4A). At this age, plasma levels of 
TNF-α are similar between APN-KO, lpr, and APN-KO/lpr strains, 
but by 20 weeks of age, APN-KO/lpr mice display much higher lev-
els of TNF-α than the other strains (Supplemental Figure 6). B6.lpr 
mice develop age-dependent lymphadenopathy and autoimmunity 
starting at approximately 10 weeks of age (32, 33). Lymphadenopa-
thy was markedly increased in APN-KO/lpr compared with lpr mice 

Figure 2
Systemic delivery of adiponectin promotes the uptake of apoptotic 
debris by peritoneal macrophages. (A) Strains of mice were injected 
with Ad–β-gal or Ad-APN on the same day as thioglycollate treat-
ment. Circulating adiponectin levels at the time of sacrifice were  
12.5 ± 1.6 μg/ml in B6.lpr/Ad–β-gal and 19.5 ± 2.4 μg/ml in B6.lpr/
Ad-APN. TAMRA, SE–labeled apoptotic Jurkat T cells were injected 
into the peritoneum of the indicated strains of mice 3 days after the 
administration of thioglycollate. After 30 minutes, peritoneal cells were 
removed by lavage and subjected to flow cytometry. (B) Phagocyto-
sis was scored as the percentage of F4/80-positive macrophages that 
also stained positive for TAMRA, SE. Scatter plots show representa-
tive flow cytometry data for 3 experimental conditions. Dual-labeled 
cells are represented in the upper right quadrant. **P < 0.01 versus 
Ad–β-gal; ††P < 0.01 versus WT (n = 6).
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at 20 weeks of age, and a statistically significant increase in sub-
mandibular lymph node size could be detected in the APN-KO/lpr 
strain as early as 12 weeks of age (Figure 4B). The lymph nodes from 
APN-KO/lpr mice displayed higher levels of TUNEL-positive cells 
compared with those of lpr mice at both 12 and 20 weeks of age 
whereas the lymph nodes of APN-KO and WT mice showed few or 
no TUNEL-positive cells (Figure 4C). Adiponectin deficiency also 
produced an increase in ANA titers by 2.7- and 4.1-fold in lpr mice at 
12 and 20 weeks of age, respectively (Figure 4D). Furthermore, adi-
ponectin deficiency led to detectable anti-dsDNA antibody titers in 
lpr mice at 20 weeks of age whereas the parental B6.lpr strain showed 
little or no dsDNA immunoreactive material. No anti-dsDNA anti-
bodies could be detected at 12 weeks of age. Both APN-KO and WT 
mice showed no evidence of autoreactive antibodies (Figure 4D). 
Finally, the APN-KO/lpr mice displayed features of kidney dysfunc-
tion associated with autoimmune disease, including glomerular tuft 
enlargement and proteinuria, whereas WT, APN-KO, and lpr mice 
in the C57BL/6 background did not (Figure 4E). These data show 
that adiponectin deficiency in B6.lpr mice leads to further reduc-
tions in apoptotic cell clearance and exacerbates systemic inflamma-
tion. Furthermore, these data show that a detectable impairment in 
apoptotic cell clearance coincides with or precedes the development 
of the autoimmune and lymphoproliferative phenotypes.

To investigate the mechanism by which adiponectin affects early 
apoptotic body clearance in vitro, FITC-labeled macrophages from 
different sources were incubated with viable or apoptotic Jurkat T 
cells labeled with TAMRA, SE in the presence or absence of adipo-

nectin. Recombinant human adiponectin, produced from a baculo-
virus expression system, stimulated the uptake of apoptotic Jurkat 
T cells by 32.8% ± 1.0% by human monocyte-derived macrophages 
and 23.6% ± 0.4% in differentiated monocytic THP-1 cells in vitro, 
as determined by flow cytometric analysis of dual-labeled and total 
macrophages (Figure 5). In agreement with these data, microscop-
ic analyses also revealed that adiponectin stimulated the ingestion 
of TAMRA, SE–labeled apoptotic cells by human and THP-1 mac-
rophages (Supplemental Figure 7). Recombinant adiponectin was 
either equally effective or more effective at promoting phagocy-
tosis than C1q (Figure 5), which promotes apoptotic cell uptake 
by macrophages and is implicated in the development of autoim-
mune disease (34, 35). Stimulation of apoptotic cell uptake was 
dependent on the dose of adiponectin in the phagocytosis assay, 
and this effect appeared to saturate at a final concentration of  
4 μg/ml adiponectin (Supplemental Figure 8). Recombinant adi-
ponectin also stimulated the uptake of early apoptotic neutrophils 
by THP-1 and human macrophages (Supplemental Figure 9A)  
but had no effect on the uptake of microbeads opsonized with 
BSA, IgG, or C3b (Supplemental Figure 9B). Adiponectin did not 
stimulate the uptake of viable Jurkat T cells by human or THP-1 
macrophages (Supplemental Figure 9C). Furthermore, adiponec-
tin did not stimulate the uptake of late apoptotic bodies by human 
or THP-1 macrophages (Supplemental Figure 9D).

To  determine  whether  adiponectin  promotes  phagocytosis 
through an opsonization mechanism, we examined the binding of 
adiponectin to early apoptotic and viable Jurkat T cells using stan-

Figure 3
Systemic delivery of adiponectin decreases remnant apoptotic levels and inflammation in lpr strains of mice. (A) Adenovirus-mediated over-
expression of adiponectin decreases apoptotic cells in lymph nodes of B6.lpr mice at the age of 12 weeks and MRL.lpr mice at the age of 20 
weeks. Lymph node sections were stained with TUNEL and quantified by microscopy (n = 6–8). (B) ANA titers and anti-dsDNA antibody titer 
in the serum of B6.lpr or MRL.lpr mice at 14 days after Ad-APN or Ad–β-gal administration. **P < 0.01 versus Ad–β-gal. (C) Adiponectin over-
expression influences renal function and morphology. Photographs show representative glomeruli of MRL.lpr mice treated with Ad–β-gal or  
Ad-APN 14 days prior to sacrifice. Glomerular tuft volume of control is 3.1 × 105 ± 0.1 × 105 μm3. Scale bar: 50 μm. Urinary albumin is reported as  
μg protein/d. *P < 0.05 versus Ad–β-gal (n = 8).
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dard protocols (25, 35). Cells were incubated with FITC-conjugat-
ed recombinant human FITC-APN for 60 minutes. Fluorescence 
microscopy revealed that adiponectin bound to blebs on Jurkat 
T cells that were morphologically apoptotic following exposure 
to UVB irradiation with a high, locally intense signal (Figure 6A). 
Adiponectin also bound to viable Jurkat T cells, but the fluores-
cence intensity was weak and more uniformly distributed on the 
cell surface. Flow cytometry was performed to quantify adiponec-
tin binding to viable and apoptotic Jurkat cells (Figure 6B). This 
analysis revealed greater binding of adiponectin to apoptotic cells 
compared with viable cells. These findings were corroborated by 
analyzing adiponectin binding to viable and apoptotic cells using 
a microplate reader and FITC-labeled adiponectin (Supplemental 
Figure 10A). More adiponectin was bound to apoptotic cells than 
viable cells over a wide range of adiponectin concentrations. Col-

lectively, these data show that the expression of an adiponectin 
receptor is upregulated on the cell surface of the dying cell.

To investigate the mechanism by which adiponectin modulates 
the clearance of apoptotic cells, detergent-solubilized membrane 
fractions from THP-1 macrophages were incubated with or with-
out polyhistidine-tagged adiponectin protein, precipitated with 
nickel resin, and subjected to SDS-PAGE. One unique protein 
band was detected when membrane fractions were treated with 
nickel resin in the presence of adiponectin but not in its absence 
(data not shown). This region of SDS-PAGE gel was excised, treat-
ed with trypsin, and analyzed by matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS). Peptide mass finger-
prints were analyzed with the protein prospector program MS-Fit  
(University of California, San Francisco, Mass Spectrometry Facil-
ity: http://prospector.ucsf.edu/prospector) using the database 

Figure 4
B6/lpr mice deficient in adiponectin display impaired clearance of apoptotic cells and increased systemic inflammation. (A) Impaired clearance of 
apoptotic cells by peritoneal macrophages in APN-KO/lpr mice compared with APN-KO and lpr mice. Experiments were conducted with the indi-
cated strains of mice. Phagocytosis of apoptotic Jurkat cells was assessed by flow cytometric analysis of F4/80- and TAMRA, SE–positive cells as 
described in the Figure 1C legend. *P < 0.05 versus B6/lpr APN-KO (n = 4–6). (B) APN-KO/lpr mice have larger submandibular lymph nodes com-
pared with lpr mice. Inset shows a representative photograph of submandibular lymph nodes from each strain of mouse at the age of 20 weeks. 
Scale bar: 5 mm. Submandibular lymph nodes were excised from the indicated strains of mice at 12 or 20 weeks and weighed. *P < 0.05 versus 
lpr (n = 6–14). (C) Adiponectin deficiency increases the frequency of apoptotic cells in lymph nodes of B6.lpr mice. Mice were sacrificed at 12 or 
20 weeks of age, and TUNEL-positive cells in sections of submandibular lymph nodes were assessed. ND, not detectable. **P < 0.01 versus lpr  
(n = 6–14). (D) Adiponectin deficiency increases autoreactive antibody titer in B6.lpr mice. ANA titers and anti-dsDNA antibody titers in the sera of 
each strain of mouse were determined at 12 or 20 weeks of age. **P < 0.01 versus lpr (n = 3–14). (E) Adiponectin deficiency promotes kidney dis-
ease in B6.lpr mice. Glomerular tuft volume was determined in histological sections of kidney from the indicated strains of 20-week-old mice. Pho-
tographs show representative glomeruli. The calculated glomerular tuft volume of control is 1.1 × 105 ± 0.1 × 105 μm3. Scale bar: 50 μm. **P < 0.01  
versus lpr. The daily excretion of urinary albumin was determined immediately prior to sacrifice. *P < 0.05 versus lpr (n = 4–10).
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NCBInr.2005.01.06, and 13 peptide masses were found to corre-
spond to calreticulin and cover 33% of the protein sequence. To 
confirm the presence of calreticulin in the nickel resin precipi-
tate, Western immunoblot analysis was performed with anti-cal-
reticulin antibody. Calreticulin was only detected in the THP-1 
membrane fraction when the precipitation with nickel resin was 
performed in the presence of polyhistidine-tagged adiponectin 
(Figure 7A). Adiponectin binding to calreticulin was also demon-
strated by immunoprecipitating the solubilized THP-1 membrane 
fraction with anti-calreticulin antibodies followed by the detec-
tion of adiponectin by Western immunoblot analysis (Figure 7B).  
To determine whether adiponectin binds to calreticulin on the 
cell surface, competition assays between recombinant adiponectin  

and anti-calreticulin antibody were performed using intact THP-1 
macrophages (35). Preincubation with adiponectin for 60 minutes 
significantly reduced the binding of anti-calreticulin antibody to 
THP-1 macrophages as determined by flow cytometric analysis 
of FITC-conjugated secondary antibody to the anti-calreticulin 
antibody (Figure 7C).

Recent studies have shown that calreticulin is upregulated on 
the surface of the apoptotic cell, where it acts as a general recogni-
tion ligand in the phagocytic process (36). Accordingly, more cal-
reticulin could be detected on apoptotic Jurkat T cells than viable 
cells by flow cytometric analysis (Supplemental Figure 10B). Prein-
cubation with anti-calreticulin antibody partially but significantly 
inhibited the binding of adiponectin to apoptotic cells (Supple-
mental Figure 10C). Finally, adiponectin could be colocalized with 
calreticulin on apoptotic thymic cells in mice that were treated 
with dexamethasone (Supplemental Figure 10D).

Figure 5
Adiponectin promotes the phagocytosis of apoptotic bodies by macro-
phages in vitro. Apoptotic Jurkat T cells were preincubated for 1 hour 
with recombinant adiponectin from baculovirus-insect (APN) (50 μg/ml),  
human C1q (50 μg/ml), or vehicle. Macrophages were then incubated 
for 30 minutes with TAMRA, SE–labeled Jurkat cells that were either 
viable or apoptotic due to UVB exposure. Upon mixing apoptotic cells 
with macrophages, adiponectin and C1q were diluted to a final con-
centration of 10 μg/ml. Phagocytosis was assessed by flow cytom-
etry. Macrophages were stained with FITC-conjugated anti-human 
macrophage antibody, and the percentage of phagocytic macro-
phages was calculated as TAMRA, SE–positive (+) macrophages/
total macrophages × 100%. Phagocytic macrophages of control were 
32.8% ± 1.0% (human) and 23.6% ± 0.4% (THP-1). **P < 0.01 versus 
vehicle; †P < 0.05 versus C1q (n = 6–7).

Figure 6
Apoptosis increases the binding of adiponectin to Jurkat T cells. (A) Fluorescence microscopy of FITC-APN to viable (left panel) and apoptotic 
(right panel) Jurkat T cells. Binding to viable cells was diffuse whereas binding to apoptotic cells was intense and uneven within individual cells. 
Scale bar: 5 μm. (B) Left panels: representative flow cytometric analyses of FITC-APN to viable (blue) and apoptotic Jurkat T (red) cells. Control 
(black) represents cells incubated with FITC-conjugated human serum albumin. Right panel: Quantitation of FITC-APN binding to viable and 
apoptotic cells. **P < 0.01 versus viable cells (n = 3).
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The binding of FITC-labeled adiponectin to the phagocytic 
cell surface was also analyzed. Recombinant human adiponectin 
binding to THP-1 macrophages was saturable, with half-maximal 
binding occurring at approximately 0.7 μg FITC-APN/ml (Supple-
mental Figure 11A). Coincubation with 6 μg/ml FITC-APN and 
anti-calreticulin antibody led to a 37.1% ± 7.2% (P < 0.05) reduction 
in APN binding compared with control antibody (Supplemental 
Figure 11B), suggesting that adiponectin interacts with calreticu-
lin in addition to other adiponectin receptors, such as AdipoR1, 
AdipoR2, and T-cadherin, on the macrophage cell surface. Finally, 
adiponectin colocalized with calreticulin on the surface of THP-1 
cells (Supplemental Figure 11C).

To determine whether adiponectin increases macrophage-medi-
ated removal of early apoptotic bodies through a calreticulin-
dependent pathway in vitro, macrophages from different sources 
were incubated with recombinant adiponectin or vehicle in the 
presence or absence of anti-calreticulin antibody, and the uptake of 
apoptotic Jurkat T cells was assessed by flow cytometry (Figure 8A).  
Preincubation with anti-calreticulin antibody blocked adiponec-
tin-stimulated phagocytosis of apoptotic bodies. This treatment 
had no effect on basal phagocytosis in human macrophages or 
THP-1 cells, consistent with a previous report (25). Calreticulin 
interacts with endocytic receptor protein CD91 to phagocytose 
apoptotic cells (35). Accordingly, adiponectin-mediated uptake 
of apoptotic cells was also blocked by incubation with anti-CD91 
antibody. To corroborate these data, knockdown experiments were 
performed with siRNA targeting calreticulin and CD91. Calreticu-
lin expression was reduced by 60.6% ± 2.5%, and CD91 expression 
was reduced by 92.6% ± 1.8% by treatment with their correspond-
ing siRNA polynucleotides (Supplemental Figure 12), leading to 
68% and 95% reductions, respectively, in adiponectin-stimulated 
apoptotic cell uptake by THP-1 macrophages (Figure 8B).

AdipoR1, AdipoR2, and T-cadherin are also reported to func-
tion as adiponectin receptors (12, 13). To assess whether these 
receptors are associated with the removal of apoptotic debris 
by adiponectin, AdipoR1, AdipoR2, and T-cadherin expression 
was knocked down by RNA interference methods. AdipoR1 was 
reduced by 69.5% ± 6.1%, AdipoR2 was reduced by 51.6% ± 5.0%, 
and T-cadherin was reduced by 74.1% ± 11.7%, as determined 
by flow cytometric analysis of cell-surface protein expression 
(Supplemental Figure 12). However, reductions of AdipoR1, 
AdipoR2, or T-cadherin had no influence on adiponectin-stimu-
lated phagocytosis (Figure 8B). Collectively, these data suggest 
that adiponectin can increase the removal of apoptotic bodies 
via calreticulin/CD91 but not through the previously identified 
adiponectin receptors.

Discussion
The present study demonstrates that adiponectin can facilitate the 
removal of early apoptotic cells by macrophages and modulate the 
processes of inflammation and autoimmunity. Excess adiposity 
is associated with immune system dysfunction and inflammation 
in both humans and mouse models of obesity (27). Adipose tis-
sue produces a variety of proinflammatory substances, including 
leptin, IL-6, TNF-α, and complement factors. Most of these factors 
are positively associated with adiposity, and they promote inflam-
mation. In contrast, adiponectin is downregulated in obesity-
linked disease, and it participates in limiting inflammatory reac-
tions (15). Clinically, plasma adiponectin levels inversely correlate 
with levels of C-reactive protein in humans (16, 20). Experimental 
studies with mice showed that adiponectin deficiency results in 
increased inflammation under conditions of overnutrition or tis-
sue ischemia (8, 21). These antiinflammatory effects are mediated, 
at least in part, by the ability of adiponectin to inhibit LPS-stimu-

Figure 7
Adiponectin interacts with calreticulin on the macrophage cell surface. (A) Calreticulin is immunoprecipitated by histidine-tagged adiponectin 
(APN) from detergent-solubilized THP-1 membranes. Membrane fractions were incubated in the presence or absence of polyhistidine-APN 
and then precipitated with nickel resin. The resin was then treated with a molar excess of histidine to release precipitated proteins, and this 
material was subjected to SDS-PAGE followed by immunoblot analysis with anti-calreticulin (anti-CRT) and anti-adiponectin (anti-APN) 
antibodies. WB, Western blot. (B) Adiponectin prepared from E. coli (E-APN) was immunoprecipitated from detergent-solubilized THP-1 
membranes by anti-calreticulin antibodies. THP-1 membrane fractions were incubated in the presence or absence of polyhistidine APN and 
then subjected to immunoprecipitation with anti-CRT or control IgG. Immunoprecipitated material was then subjected to SDS-PAGE, and 
Western blot analysis was performed with anti-APN or anti-CRT antibodies. (C) Adiponectin inhibits the binding of anti-calreticulin antibody 
to macrophages. THP-1 macrophages were preincubated with 200 μg/ml adiponectin (red) or vehicle (blue) for 60 minutes followed by incu-
bation with anti-calreticulin antibody (10 μg/ml) for 60 minutes. Cells incubated with chicken IgY followed by treatment with FITC-conjugated 
secondary antibody served as control. Cells were then incubated with FITC-conjugated secondary antibody to anti-calreticulin antibody and 
analyzed by flow cytometry. *P < 0.05 versus vehicle (n = 3).
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lated TNF-α production and increase antiinflammatory cytokine 
IL-10 expression in macrophages (15, 37, 38).

The findings reported here suggest that facilitation of early apop-
totic body phagocytosis is an additional mechanism by which adipo-
nectin limits inflammatory responses. Failure to rapidly clear dying 
cells by macrophages will promote inflammation either by allowing 
late apoptotic cells to undergo secondary necrosis and release nox-
ious substances to the tissues or by the presentation of these corpses 
to follicular dendritic cells, leading to T cell activation (26). It has also 
been reported that the uptake of late apoptotic cells by macrophages 
will promote the secretion of proinflammatory cytokines (39). These 
processes can lead to systemic inflammation and, under extreme con-
ditions, breach self tolerance, contributing to autoimmune disease. 
Conversely, it is well recognized that the uptake of early apoptotic 
debris can, under some circumstances, have an immunosuppressive 
effect on the cell that is associated with the downregulation of TNF-α  
and the upregulation of IL-10 (40–42).

Multiple lines of evidence show that physiological levels of adi-
ponectin promote the clearance of early apoptotic cells. Baculovi-
rus-produced human adiponectin stimulated the in vitro uptake 
of labeled apoptotic cells by both human and THP-1 macrophages 
as assessed by flow cytometric analysis of dual-positive anti-human 
macrophage antibody/TAMRA, SE (apoptotic cell) events. The 
stimulation of cell uptake by adiponectin was greater than that 
exhibited by recombinant C1q protein in parallel experiments. 
This activity was reproduced by other sources of recombinant adi-
ponectin protein, including that produced by Escherichia coli– and 
mammalian cell–produced murine adiponectin (data not shown). 
Furthermore, adiponectin did not affect the uptake of microbeads 
opsonized with BSA, IgG, or C3b, suggesting that it is not involved 

in the regulation of general phagocytic mechanisms. These find-
ings differ from the conclusions of other studies reporting that adi-
ponectin inhibits the phagocytic actions of macrophages toward 
microspheres and late apoptotic bodies in vitro (37, 43). One of 
these studies also reported that adiponectin purified from human 
plasma will stimulate the phagocytosis of late apoptotic bodies 
in the presence of LPS in vitro (43). In contrast, our experiments 
showed that recombinant adiponectin only stimulated the uptake 
of early, not late, apoptotic bodies and that LPS did not stimulate 
uptake under either condition (data not shown). This discrepancy 
may result from differences in adiponectin protein preparations 
between the 2 studies or possibly from adiponectin binding of 
LPS (44), which would result in an indirect effect on late apoptotic 
body uptake through sequestration of this endotoxin.

Because recombinant or purified adiponectin proteins could 
potentially produce artifactual results in vitro, adiponectin-mediated 
apoptotic cell uptake was also evaluated in vivo using gain- and loss-
of-function genetic manipulations. For these experiments, TAMRA, 
SE–labeled apoptotic cells were introduced to the peritoneum of 
thioglycollate-pretreated mice, and macrophages were recovered 
and assessed for TAMRA, SE positivity by flow cytometric analysis. 
In these assays, peritoneal macrophages of APN-KO mice displayed 
reduced uptake of apoptotic cells compared with those of WT mice. 
Conversely, adenovirus-mediated expression of the adiponectin gene 
stimulated apoptotic body uptake in both WT and APN-KO mice.

The ability of adiponectin to promote apoptotic cell disposal is 
likely due to its ability to opsonize apoptotic debris and facilitate 
its binding to the macrophage cell surface. In this regard, members 
of the collectin family of proteins, including surfactant proteins A 
and D, and C1q opsonize apoptotic cells and pathogens via their 

Figure 8
Calreticulin and CD91 are essential for adiponectin-stimulated uptake of apoptotic cells. (A) Anti-calreticulin antibody and anti-CD91 antibody 
inhibit adiponectin-stimulated apoptotic cell phagocytosis by macrophages. Each type of macrophage was preincubated with anti-CRT antibody or 
control chicken IgY or with anti-CD91 antibody or control IgG for 60 minutes. TAMRA, SE–labeled apoptotic cells were preincubated with recom-
binant adiponectin or vehicle, and uptake of apoptotic debris was determined by flow cytometric analysis. Data are expressed relative to control 
from human and THP-1 monocytes. Control human and THP-1 macrophages (anti-human macrophage antibody-positive) were 34.1% ± 0.8% 
and 24.9% ± 1.1% dual-positive for TAMRA, SE, respectively. **P < 0.01 versus IgY or IgG (n = 6–7). (B) Adiponectin-stimulated apoptotic cell 
phagocytosis by macrophages was inhibited by downregulation of calreticulin or CD91 with siRNA but not siRNA targeting the putative adiponectin 
receptors. The in vitro phagocytosis assay analyzed dual-positive by cells flow cytometry. Control THP-1 macrophages were 24.3% ± 1.0% posi-
tive for TAMRA, SE. **P < 0.01 versus unrelated siRNA with adiponectin (n = 6–7).
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globular head regions (26, 35, 45). Like adiponectin, these proteins 
are expressed at high levels, either systemically or in select mucosal 
surfaces in lung and gastrointestinal tract which are constantly 
bombarded by environmental stress. Surfactant proteins and C1q 
recognize an array of apoptotic cell–associated molecular patterns 
that serve as “eat-me” markers on dying cells. Because these apop-
totic cell recognition motifs are diverse, they are generally recog-
nized by abundant proteins via low-affinity interactions. Here, we 
show by fluorescence microscopy that adiponectin binds to apop-
totic cells in a patchy pattern that appears to decorate blebs on 
the cell surface. Furthermore, we show by quantitative flow cytom-
etry that there is greater binding of adiponectin to apoptotic cells 
than viable cells, consistent with the finding that collectin protein 
receptors are upregulated and redistributed to the cell surface as 
cells undergo apoptosis (36).

Surfactant proteins and C1q also bind to receptors on phago-
cytic cells and function as a bridge between the phagocytic cell and 
the material to be ingested. Calreticulin is expressed on both the 
phagocyte and the apoptotic cell surface, and it plays an important 
role in the uptake of apoptotic material through its interactions 
with CD91 (25, 36). Here, it is shown that both calreticulin and 
CD91 are involved in adiponectin-mediated uptake of apoptotic 
cells. The addition of anti-calreticulin or anti-CD91 antibody 
effectively blocked adiponectin-stimulated phagocytosis in both 
human macrophages and THP-1 cells. These findings were cor-
roborated by RNA interference methods, in which a reduction in 
calreticulin or CD91 expression by siRNA resulted in appreciable 
reductions  in adiponectin-stimulated apoptotic cell phagocy-
tosis in THP-1 cells. In contrast, the putative adiponectin recep-
tors did not appear to have a role in this activity. While AdipoR1,  
AdipoR2, and T-cadherin expression could be detected on the sur-
face of THP-1 cells, reductions in their expression by siRNA meth-
ods had no detectable effect on the adiponectin-stimulated uptake 
of apoptotic cells. Thus, while AdipoR1 and AdipoR2 may mediate 
the metabolic properties of adiponectin (12), calreticulin controls 
aspects of adiponectin’s antiinflammatory actions.

It is well established that the accumulation of apoptotic debris 
exacerbates symptoms of inflammation and autoimmunity (26, 46). 
Thus, to further assess the functional significance of adiponectin-
mediated apoptotic cell clearance in vivo, we analyzed adiponectin 
deficiency and overexpression in the lpr strain of mice that display 
inflammatory phenotypes in the C57BL/6 background. Compared 
with parental strains, APN-KO/lpr mice display a greater degree of 
systemic inflammation, including higher titers of autoreactive ANA 
antibodies and a greater degree of lymphadenopathy. Furthermore, 
unlike the B6.lpr mice, APN-KO/lpr mice in the C57BL/6 back-
ground displayed features of an autoimmune phenotype, including 
detectable titers of anti-dsDNA antibodies, glomerular tuft volume 
enlargement, and proteinuria. Consistent with these observations, 
APN-KO/lpr mice had higher frequencies of cell corpses in subman-
dibular lymph nodes and impaired uptake of apoptotic cells in the 
peritoneum. In contrast with B6.lpr, the lpr mutation in MRL/Mp+/+ 

background is sufficient to produce autoimmune phenotypes. 
Adenovirus-mediated overexpression of adiponectin in MRL.lpr 
mice promoted the clearance of apoptotic cells in the peritoneum 
and markedly diminished the levels of cell corpses that could be 
detected in histological sections of lymph nodes. Notably, adiponec-
tin overexpression at the 2-week time point diminished both ANA 
and anti-dsDNA antibody titers, glomerular tuft volume, and levels 
of urinary albumin. Collectively, the genetic gain- and loss-of-func-

tion experiments support the hypothesis that adiponectin func-
tions to promote the clearance of apoptotic debris from the body 
and that this activity can influence the degree of systemic inflamma-
tion. It should also be noted that TNF-α is a key regulator in murine 
models of autoimmunity (47). Thus, adiponectin can influence the 
autoimmune phenotype through at least 2 mechanisms involving 
TNF-α. First, adiponectin can act directly on a variety of cells to 
suppress TNF-α synthesis (e.g., Shibata et al., ref. 21). In addition, 
adiponectin-stimulated engulfment of early apoptotic bodies sup-
presses TNF-α production by macrophages whereas the accumula-
tion engulfment of late apoptotic bodies leads to the production of 
proinflammatory cytokines (26).

We hypothesize that adiponectin represents one of many func-
tionally redundant proteins involved in apoptotic cell clearance. 
While our data show that adiponectin deficiency is not sufficient to 
result in an accumulation of apoptotic cells under nonstress con-
ditions, this phenotype was detected following massive thymocyte 
apoptosis resulting from dexamethasone treatment or the injection 
of apoptotic cells into the peritoneal cavity. Similarly, impaired 
clearance of apoptotic cells associated with adiponectin deficiency 
was revealed when APN-KO mice were crossed with lpr mice. These 
data indicate that impaired clearance of apoptotic cells due to adi-
ponectin deficiency is observed when apoptotic cells are produced 
at a higher than normal frequency or there are other deficiencies 
in the machinery that clears these cells. Furthermore, adiponectin 
deficiency in itself is not sufficient to produce an autoimmune phe-
notype, but this phenotype may be achieved when the animal is 
stressed or crossed into the proper genetic background.

In summary, we demonstrate a mechanistic link between obesity 
and systemic inflammation by showing that the adipocyte-derived 
cytokine adiponectin functions to promote the clearance of early 
apoptotic debris. This activity is mediated by calreticulin expressed 
on the phagocytic cell surface and not by any of the previously 
identified adiponectin receptors. Because the accumulation of cell 
corpses can cause inflammation and immune system dysfunction, 
these findings suggest what we believe to be a previously undocu-
mented mechanism by which hypoadiponectinemia can contribute 
to the development of diabetes, atherosclerosis, and other complex 
diseases in which chronic inflammation is a contributing factor.

Methods
Materials. WT and lpr mice on C57BL/6 backgrounds (B6.lpr) and lpr mice 
on MRL/Mp+/+ (MRL.lpr) backgrounds were purchased from The Jackson 
Laboratory. Adiponectin knockout (APN-KO) mice on a C57BL/6 back-
ground were used (8). Jurkat T cells and THP-1 cells were purchased from 
ATCC. Recombinant human adiponectin from baculovirus-insect cell 
expression system was obtained from Nosan Corp. Recombinant mouse 
adiponectin was prepared from E. coli as described previously (11). Human 
C1q protein was purchased from Quidel Corp. Anti-calreticulin antibody 
(chicken IgY) was purchased from Affinity BioReagents, anti-calreticulin 
antibodies (goat polyclonal and rabbit polyclonal) were purchased from 
Santa Cruz Biotechnology Inc. and Upstate USA Inc., and anti-CD91 anti-
body was purchased from American Diagnostica Inc. MagneHis Protein 
Purification System was purchased from Promega. Ad–β-gal and Ad-APN 
were prepared as described previously (11).

Treatment of mice with dexamethasone. All animal experiments were performed 
according to institutional guidelines and the Institutional Animal Care 
and Use Committee (IACUC) guidelines. The experimental protocol was 
approved by Boston University School of Medicine’s IACUC and complied 
with NIH’s Guide for the Care and Use of Laboratory Animals. APN-KO and 
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WT mice were used at 10–12 weeks of age. Dexamethasone sodium phosphate  
(0.2 mg, Abraxis BioScience) or vehicle was injected i.p. into mice (28). In some 
experiments, 2 × 108 PFU of Ad-APN or Ad–β-gal was injected into the jugular 
vein of mice 2 days prior to the injection of dexamethasone. At 24 hours after 
dexamethasone injection, mice were sacrificed, and a lobe from each thymus 
was fixed in formalin and embedded in paraffin. Sections were stained with 
TUNEL (Roche Diagnostics) to detect apoptotic cells and with rat anti-mouse 
CD11b antibody (GeneTex Inc.) followed by treatment with rhodamine-
conjugated secondary antibody to detect macrophages. Quantification of 
all TUNEL staining and macrophage staining was performed by examining 
6 randomly selected high power fields (×400) in each sample. Macrophage 
phagocytosis of TUNEL-positive apoptotic debris was quantified as described 
previously (29). In some experiments, sections were stained with anti-mouse 
adiponectin antibody. This procedure was followed by treatment with Alexa 
Fluor 488–conjugated secondary antibody before staining with anti-calre-
ticulin antibody followed by treatment with Alexa Fluor 594–conjugated sec-
ondary antibody or anti-mouse CD11b antibody followed by treatment with 
Alexa Fluor 594–conjugated secondary antibody. In some experiments, each 
thymus section was stained with goat anti-mouse adiponectin antibody (R&D 
Systems) or goat IgG as a negative control followed by treatment with biotinyl-
ated anti-goat IgG. Visualization of immune complexes with streptavidin-HRP 
and diaminobenzidine was followed by a methyl green counterstain.

Treatment of thymocytes with dexamethasone. Thymocytes were collected 
from WT mice (8 weeks). Collected thymocytes were preincubated with 
recombinant adiponectin (50 μg/ml) or vehicle for 1 hour; this was fol-
lowed by treatment with dexamethasone (1 μM) for 4 hours. Apoptotic 
cells were detected with TUNEL staining and analyzed by microscopy. Over 
200 thymocytes were analyzed per sample.

Apoptotic cell phagocytosis in the peritoneum. WT, APN-KO, and B6.lpr mice 
were used at 10–12 weeks of age, and MRL.lpr mice were used at 8 weeks of 
age. APN-KO/lpr mice were used at 10 weeks of age. Inflammatory macro-
phages were recruited into the peritoneum by injection of thioglycollate. At 
3 days after injection, TAMRA, SE–labeled apoptotic Jurkat T cells (1 × 107 
cells) were injected into abdomen of mice (48). After 30 minutes, peritoneal 
cells were collected from the abdominal cavities. To remove erythrocytes and 
unphagocytosed apoptotic bodies, cells were incubated on polystyrene dish-
es for 1 hour and washed 3 times gently. After collection, cells were stained 
with FITC-conjugated anti-mouse F4/80 antibody (AbD Serotec). Macro-
phage uptake of apoptotic cells was determined by flow cytometric analy-
sis of dual-labeled macrophages. In some experiments, the 2 × 108 PFUs of  
Ad-APN or Ad–β-gal were injected into the jugular veins of mice at the time 
of thioglycollate treatment. At 3 days after infection, apoptotic Jurkat T cells 
were injected into the peritoneal cavity. In some experiments, apoptotic cells 
were preincubated with recombinant human adiponectin (50 μg) or vehicle 
for 60 minutes. Inflammatory macrophages recruited to peritoneum were 
quantified as described previously (46). In brief, 3 days after thioglycollate 
i.p., cells were recovered by peritoneal lavage with 5 ml PBS. Cells were initial-
ly counted on a hemocytometer, and macrophage levels were quantified on 
cytospins stained with Diff Quik (Dade Behring). TNF-α levels in the lavage 
fluid were measured with mouse TNF-α ELISA kits (R&D Systems).

Preparation of apoptotic Jurkat T cells and human neutrophils. Early apoptotic Jur-
kat T cells and early apoptotic neutrophils, which were isolated from periph-
eral blood by density gradient centrifugation, were produced by UV exposure 
at 254 nm for 10 minutes, followed by incubation for 2 hours in RPMI/10% 
FBS. Late apoptotic Jurkat T cells were produced by 10 minutes of UV expo-
sure followed by incubation for 24 hours in RPMI/10% FBS. Apoptosis was 
detected by annexin V (R&D Systems) binding using flow cytometric analysis. 
UV exposure followed by 2 hours in RPMI/10% FBS typically led to 60%–70% 
apoptosis whereas the 24-hour incubation in RPMI/10% FBS led to approxi-
mately 90% apoptosis. Early and late apoptotic Jurkat T cells and early apop-

totic human neutrophils were also assessed by their ability to exclude trypan 
blue upon microscopic analysis (typically >95% for early and <30% for late 
apoptotic cells). Apoptotic or viable Jurkat T cells and early apoptotic human 
neutrophils were labeled with TAMRA, SE (Invitrogen) (48).

Generation of APN-KO/lpr mice. APN-KO mice and lpr mice were interbred to 
produce homozygous groups of mice with the following genotypes: APN-KO,  
lpr, APN-KO/lpr, and WT. In APN-KO mice, the adiponectin gene was 
replaced with the neomycin-resistance gene (1), and the neomycin-resis-
tance gene was determined by PCR analysis using DNA extracted from tail 
samples. The adiponectin gene primers (WT) and neomycin-resistance gene 
primers (neomycin) were as follows: WT, forward, 5'-ATGAAGACCTCCT-
GGGAGAGT-3'; WT, reverse, 5'-AGGAGCTAGCTCTTTCAGTTG-3'; neo-
mycin, forward, 5'-GCCAAGCTCTTCAGCAATATCACGG-3'; and neomy-
cin, reverse, 5'-ACTGGGCACAACAGACAATCGGC-3'. The lpr alleles were 
detected using 3 primers that produced 180-bp or 560-bp products, respec-
tively. The lpr primers were as follows: 5'-AGGTTACAAAAGGTCACCC-
3' and 5'-GATACGAAGATCCTTTCCTGTG-3'  for  the WT allele and  
5'-CAAACGCAGTCAAATCTGCTC-3' for the mutated allele.

Analyses of autoimmune phenotype. For these experiments, B6.WT, B6.APN-KO,  
B6.lpr, and B6.APN-KO/lpr mice were used at 10, 12, or 20 weeks of age. 
For some experiments, Ad-APN or Ad–β-gal (4 × 108 PFU) was injected into 
the subclavicular vein of B6.lpr and MRL.lpr mice at 10 or 18 weeks of age, 
respectively. At 14 days after infection, submandibular lymph nodes from 
each mouse were fixed in formalin and embedded in paraffin. Sections were 
stained with TUNEL to detect apoptotic bodies. Quantification of all TUNEL 
staining was performed by examination of 6 randomly selected fields (×200) 
in each sample. Serum ANA levels were measured by immunofluorescence 
using Hep2-coated slides (The Binding Site) (29). Serum anti-dsDNA anti-
body levels were measured by Crithidia luciliae dsDNA kit (The Binding Site). 
Titers were calculated as the inverse of the last positive dilution. Plasma 
TNF-α levels were measured with mouse TNF-α ELISA kits. Plasma insulin 
levels were measured with mouse insulin ELISA kits (ALPCO Diagnostics) 
after 6 hours of fasting. In some experiments, glucose tolerance tests were 
performed. MRL/lpr mice and MRL/Mp+/+ mice (WT) were used at 18 weeks 
of age; mice were injected i.p. with glucose (1 g/kg) after 6 hours of fasting. 
Blood sugar was quantified with Accu-Check (Roche Diagnostics) at 0, 15, 
30, 60 and 120 minutes after glucose injection.

Analysis of renal function and histology. Urine samples were collected using 
metabolic cages from WT, lpr, APN-KO, APN-KO/lpr, and MRL.lpr mice. 
Urinary albumin was measured with mouse albumin ELISA quantitation 
kit (Bethyl Laboratories). Kidneys from each mouse were fixed in forma-
lin and embedded in paraffin. Glomerular cross-sectional areas of at least 
25 glomeruli were measured in each animal using computer-assisted pixel 
counting (Photoshop 7.0; Adobe). Mean glomerular tuft area (AG) for each 
animal was calculated from all available glomerular profiles, and tuft vol-
ume (VG) was calculated as well (49) as follows: VG = (B/k)(AG)1.5, where B is 
the shape coefficient for an idealized glomerulus (B = 1.38) and k is a size 
distribution coefficient (k = 1.10). Immunocomplexes in kidney were detect-
ed as described below. Sections were fixed with acetone and stained with 
FITC-conjugated anti-mouse IgG (Fc specific) F(ab')2 (Sigma-Aldrich).

In vitro phagocytosis assay. Human mononuclear cells were isolated from 
peripheral blood by density gradient centrifugation and cultured for 7 days 
to promote differentiation to macrophages. THP-1 cells were differenti-
ated into macrophages by treatment with phorbol 12-myristate 13-acetate  
(100 ng/ml) for 3 days. Macrophage phagocytic activity was measured by flow 
cytometric analysis of dual-labeled cells using a modification of a previously 
described method (48). TAMRA, SE–labeled (early or late) apoptotic Jurkat 
T cells (1 × 106 cells) were treated with recombinant adiponectin, human 
C1q (5 μg/100 μl of RPMI/2% FBS each), or vehicle for 60 minutes and then 
added to human macrophage or THP-1 cells (1 × 106 cells/500 μl of RPMI/2% 
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FBS each) for an additional 30 minutes; the final concentration of adiponec-
tin was 10 μg/ml. Under these conditions, the contribution of adiponectin 
from FBS was estimated to be less than 0.5 μg/ml. Macrophages were washed 
to remove unphagocytosed apoptotic debris and stained with FITC-conju-
gated anti-human macrophage antibody (AbD Serotec). Cells were analyzed 
for rhodamine and FITC labels by flow cytometry (BD). In some experi-
ments, macrophages were preincubated with anti-calreticulin antibody 
(chicken IgY, 40 μg/ml), nonimmune control IgY (40 μg/ml), anti-CD91 
antibody (mouse IgG, 40 μg/ml), or nonimmune control IgG (40 μg/ml)  
at 37°C for 60 minutes. In some experiments, the phagocytosis assay was 
performed after stimulation with 0.1 μg/ml of LPS (E. coli O55B5; Sigma-
Aldrich) for 3 hours. In some experiments, the phagocytosis of apoptotic 
cells or viable cells was quantified with fluorescent microscopic analysis after 
washing macrophages. In each sample, 200 macrophages were analyzed. 
Macrophages were considered to have phagocytosed a TAMRA-conjugated 
apoptotic body when more than 50% of the fluorescent signal was contained 
within the body of the macrophage, as previously described (46). Phagocy-
tosis of opsonized carboxylate-coated microbeads was also determined in 
vitro. For these experiments, 1.0 μm red fluorescent (580/605) FluoSpheres 
carboxylate-modified microspheres (Invitrogen) was opsonized with BSA, 
human IgG (Sigma-Aldrich), or human C3b (Complement Technology Inc.) 
according to the manufacturer’s instructions. Each type of opsonized fluo-
rescent microbead (1 × 107 beads) was incubated with recombinant adipo-
nectin (50 μg/ml) or vehicle for 60 minutes. This mixture was then combined 
with macrophages, diluting the concentration of adiponectin to 10 μg/ml.

Binding of adiponectin to apoptotic and viable cells. Apoptotic Jurkat T cells or 
viable Jurkat T cells (1 × 105 cells each) were incubated with FITC-conju-
gated recombinant human FITC-APN prepared with the FluoroTag FITC 
conjugation kit (Sigma-Aldrich) (5 μg/ml) or FITC-conjugated human 
serum albumin for 60 minutes. Adiponectin binding to the cell surface was 
determined by microscopy or flow cytometric analysis (25). Early apoptotic 
Jurkat T cells or viable Jurkat T cells (1 × 106 cells each) were incubated with 
each concentration of FITC-conjugated recombinant human FITC-APN 
for 60 minutes. After washing, fluorescence intensity was measured with 
fluorescence microplate reader (SpectraMax; Molecular Devices). In some 
experiments, apoptotic and viable Jurkat T cells were preincubated with 
calreticulin (200 μg/ml) or control chicken IgY for 60 minutes prior to 
incubation with 10 μg/ml FITC-APN.

Analysis of adiponectin-calreticulin interactions. The membrane fractions of THP-1  
macrophages were isolated by ultracentrifugation. THP-1 macrophages were 
sonicated and centrifuged at 1,000 g for 10 minutes. The supernatant was 
centrifuged at 100,000 g for 60 minutes. The pellet containing the membrane 
fraction was dissolved in buffer containing 1% Triton X. Membrane fractions 
were incubated with polyhistidine-tagged adiponectin (10 μg/ml) or vehicle 
for 2 hours, precipitated with MagneHis particles (Promega), and separated 
by electrophoresis on denaturing SDS 10% polyacrylamide gels. Proteins were 
stained with carrier-complexed silver, and the candidate band was excised 
and digested with trypsin. Tryptic peptides were analyzed by MALDI-MS 
using a Voyager-DE STR (Applied Biosystems). Peptide mass fingerprints 
were analyzed with the protein prospector program MS-Fit (University of 
California, San Francisco, Mass Spectrometry Facility: http://prospector.
ucsf.edu/prospector) using the database NCBInr.2005.01.06. In some experi-
ments, the proteins were transferred to membranes, and immunoblot analy-
sis was performed with anti-adiponectin monoclonal antibody (ANOC9135) 
or anti-calreticulin antibody. In some experiments, membrane fractions 
were incubated with polyhistidine-tagged mouse adiponectin (10 μg/ml) 
or vehicle for 60 minutes and immunoprecipitated with anti-calreticulin 
antibody or nonimmune control IgG (goat). Following transfer to mem-
branes, immunoblot analysis was performed with the indicated antibodies. 
Analysis of adiponectin binding to cell-surface calreticulin was performed 

by incubating intact THP-1 macrophages with adiponectin (200 μg/ml) or 
vehicle for 60 minutes. Cells were treated with anti-calreticulin antibody 
(chicken IgY, 10 μg/ml) for 60 minutes, stained with FITC-conjugated anti-
chicken IgY, and analyzed by flow cytometric analysis. Differentiated THP-1  
macrophages were also incubated with different concentrations of FITC-
APN for 60 minutes. Data were analyzed by Microsoft Excel 2003 to produce 
a logarithmic trend line and calculate binding affinity. In some experiments, 
macrophages were preincubated with calreticulin (200 μg/ml) or control 
chicken IgY for 60 minutes prior to incubation with 6 μg/ml FITC-APN.  
Fluorescence intensity was measured with a fluorescence microplate reader. 
In some experiments, differentiated THP-1 macrophages were incubated 
with human recombinant adiponectin (5 μg/ml) for 60 minutes. After wash-
ing, THP-1 cells were stained with goat anti-human adiponectin antibody 
(R&D Systems) followed by Alexa Fluor 488–conjugated anti-goat IgG anti-
body. Then the cells were stained with rabbit anti-calreticulin antibody fol-
lowed by Alexa Fluor 594–conjugated anti-rabbit IgG antibody.

Analysis of colocalization by microscopy. Fluorescence images were obtained 
using a Nikon Diaphot fluorescent microscope or a 2-photon laser scanning 
confocal microscope designed and built in house in collaboration with the 
lab of Peter So (Massachusetts Institute of Technology, Cambridge, Massa-
chusetts). For the latter experiments, the light source was a frequency-dou-
bled diode laser–pumped titanium-sapphire laser (Coherent). The excitation 
pulses, approximately 150 fs in duration, 76 MHz repetition rate, were cen-
tered at 780 nm. Power was regulated using polarizing optics. Fluorescent 
light was short-pass filtered at 700 nm and split by 2 extended reflection 
dichroic mirrors (565 and 500 nm). Long wavelength light passed the 565 
nm dichroic mirror and was band-pass filtered from 600 to 660 nm. Inter-
mediate wavelength light, reflected from the 565 nm dichroic mirror and 
passing the 500 nm dichroic mirror was band-pass filtered from 500 to 550 
nm. The short wavelength light reflected from the 500 nm dichroic mirror 
was band-pass filtered from 435 to 485 nm. All filters and dichroic mirrors 
were obtained from Chroma Technology Corp. Each channel of fluorescent 
light was measured by photomultiplier tubes (Hamamatsu Photonics). 
Images were reconstructed from the point-by-point fluorescence values and 
processed using ImageJ (http://rsb.info.nih.gov/ij/). To show colocalization, 
Alexa Fluor 488 and Alexa Fluor 594 signals were merged. Alternatively, when 
the brightest spots did not overlap, colocalization was assessed by comput-
ing the normalized covariance function for the 2 images (50) and showing 
the relative contribution made at each pixel where the value was positive.

RNA interference in THP-1 cells. siRNA duplexes targeting human adipo-
nectin receptor 1 mRNA, human adiponectin receptor 2 mRNA, human 
T-cadherin  mRNA,  and  human  CD91  mRNA  were  purchased  from  
QIAGEN, and siRNA duplex-targeting human calreticulin mRNA was 
purchased from Invitrogen. Differentiated THP-1 macrophages (1 × 106) 
were transfected for 24 hours with 40 nM siRNA each by lipofectamine 
2000 reagent (Invitrogen). Controls were transfected with unrelated 
siRNA (QIAGEN, Invitrogen). Reductions of cell-surface proteins were 
analyzed with flow cytometry. Anti-human adiponectin receptor 1 anti-
body and anti-human adiponectin receptor 2 antibody were purchased 
from Phoenix Pharmaceuticals Inc. Anti-human T-cadherin was pur-
chased from Santa Cruz Biotechnology Inc. Analysis of phagocytosis of 
apoptotic bodies with THP-1 macrophages transfected with each siRNA 
was performed 72 hours after transfection.

Statistics. Data are presented as mean ± SEM. Statistical analysis was 
performed by a 2-tailed Student’s t test or ANOVA analysis. A value of  
P < 0.05 was accepted as statistically significant.
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