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Abstract

The failure to clear apoptotic cells is linked to defects in de-
velopment and autoimmunity. Complement component
C1q is required for efficient engulfment of apoptotic cells
(efferocytosis), and C1q deficiency leads to the development
of lupus. We recently identified a novel molecular mecha-
nism for C1g-dependent efferocytosis in murine macro-
phages. C1q elicited the expression of Mer tyrosine kinase
(Mer), a receptor that regulates efficient efferocytosis and
prevention of autoimmunity. To characterize the C1g-de-
pendent signal transduction mechanism, pathway analysis
of the transcriptome from C1qg-activated macrophages was
performed, and it identified the adiponectin signaling path-
way as significantly upregulated with C1q. Adiponectin is
structurally homologous to C1q and regulates cellular me-
tabolism via downstream activation of 5'adenosine mono-
phosphate-activated protein kinase (AMPK). Macrophage
stimulation with C1q resulted in the activation of AMPK, and
silencing of AMPK expression using siRNA-inhibited C1qg-de-

pendent efferocytosis. Adiponectin signaling also stimulates
activation of nuclear receptors, and inhibition of the nuclear
receptor retinoid X receptor abrogated C1g-dependent Mer
expression and efferocytosis. Furthermore, adiponectin elic-
ited Mer expression and Mer-dependent efferocytosis in
macrophages similar to cells stimulated with C1q. Collective-
ly, our results suggest that C1q and adiponectin share acom-
mon signal transduction cascade to promote clearance of
apoptotic cells, and identify a novel molecular pathway re-
quired for efficient efferocytosis. ©2014'S. Karger AG, Basel

Introduction

Clq, the recognition component of the classical
complement pathway belongs to a family of proteins
called defense collagens. Defense collagens are innate
pattern-recognition molecules that share similar struc-
tural features: a C-terminal globular head region and an
extended N-terminal collagen-like tail [1, 2]. Family
members include mannose-binding lectin (MBL), sur-
factant protein (SP)-A, SP-D and ficolin. Defense col-
lagens regulate phagocyte activity including the engulf-
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ment of apoptotic cells, a process that is referred to as
‘efferocytosis’ [2, 3].

Defective efferocytosis is associated with the develop-
ment of autoimmunity because apoptotic cells that are
not cleared efficiently undergo secondary necrosis and
become a source of neoantigens that are highly immuno-
genic [4-8]. For example, apoptotic cells are considered
an important source of autoantigen in lupus, and defi-
ciency in Clq results in a defect in engulfment of apop-
totic cells and the development of lupus in greater than
90% of affected individuals [3, 9]. Therefore, identifica-
tion of mechanisms required for efficient efferocytosis
may provide new molecular targets for the treatment or
prevention of lupus or other autoimmune/inflammatory
diseases. We recently identified a novel molecular mech-
anism for C1q-dependent efferocytosis in murine macro-
phages [10]. Specifically, we found that C1q elicited mac-
rophage expression of the efferocytic receptor-ligand
pair; Mer tyrosine kinase (Mer) and growth arrest factor
6 (Gas 6). Moreover, Clq-dependent Mer expression in
macrophages resulted in enhanced efferocytosis. MBL, a
defense collagen homologous to Clgq, failed to upregulate
Mer and Gas 6 expression.

Although defense collagens share similar structural
features, multiple defense collagens (e.g. SP-A, SP-D,
MBL and ficolin) also fall within the ‘collectin’ family be-
cause they contain collagen-like tails and C-type lectin
domains within the globular head region. While Clq is
structurally related to the collectins, the globular head re-
gion is not a C-type lectin domain, but rather it contains
a compact jelly-roll B-sandwich fold typical of tumor ne-
crosis factor (TNF) family members [11]. Seventeen fam-
ily members with similar structures have now been de-
scribed as C1q/TNF-related proteins (CTRP), and these
molecules may have similar functions in the regulation of
metabolic activity [12]. Among the CTRP family mem-
bers is the adipokine, adiponectin. Clq is structurally
more similar to adiponectin when compared to collectins,
such as MBL, based on homology in the globular head
region. Moreover, recent data suggest shared functions
for C1q and adiponectin in innate immunity since, simi-
lar to C1q-deficiency, deficiency in adiponectin is associ-
ated with defective efferocytosis and the development of
autoimmunity [13, 14].

Adiponectin is produced by adipocytes and is secreted
into circulation where it modulates biological responses
via adiponectin receptor 1 (AdipoR1), adiponectin re-
ceptor 2 (AdipoR2) or T cadherin (T-cad) and their
downstream signaling targets [15, 16]. More recent stud-
ies have suggested an as yet unidentified receptor on
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macrophages that mediates adiponectin signaling [17].
AdipoR1 and AdipoR2 are members of a new class of
seven transmembrane-spanning receptors that are dis-
tinct from G-protein-coupled receptors [15]. Adiponec-
tin receptor activation in skeletal muscle, liver and endo-
thelial cells initiates a signaling cascade through activa-
tion of 5'adenosine monophosphate-activated protein
kinase (AMPK) and peroxisome proliferator-activated
receptor alpha (PPARa) [18]. AMPK is a heterotrimeric
molecular complex that contains a catalytic a-subunit,
and regulatory B- and y-subunits. Phosphorylation of a
threonine residue (Thr!”?) in the a-subunit results in
AMPK activation and is mediated predominantly by
CaMKKp (Ca®*/calmodulin-dependent protein kinase
kinase ) and LKB1 (liver kinase B1) [19]. AMPK senses
intracellular adenosine levels and is activated under con-
ditions where AMP or ADP levels are elevated and ATP
levels are reduced. Both AMP and ADP sustain activation
of AMPK by preventing dephosphorylation of Thr!7?
[19]. Thus, AMPK activity is directly coupled to the en-
ergy status of the cell. While AMPK activity has been
widely associated with cellular metabolism, recent stud-
ies suggest that AMPK also influences the immune re-
sponse, including macrophage cytokine expression and
phagocytosis. For example, AMPK knockdown attenu-
ates LPS- and fatty acid-mediated inflammation in mac-
rophages [20], and recent studies have shown that AMPK
activation is associated with enhanced phagocytosis and
macrophage polarization [21, 22]. Similarly, C1q stimu-
lates enhanced phagocytosis and diminution of pro-in-
flammatory cytokine production from myeloid cells, al-
though the contribution of AMPK to this process has not
been explored.

To begin to investigate the signal transduction cas-
cade in myeloid cells downstream of C1q, we performed
pathway analysis on the transcriptome of Clq-activated
macrophages and identified the adiponectin signaling
pathway as significantly upregulated. Therefore, we ex-
amined: (1) whether key adiponectin signaling mole-
cules (e.g. AMPK and nuclear receptors) were involved
in Clg-dependent Mer expression and (2) whether adi-
ponectin, similar to C1q, enhanced Mer-dependent ef-
ferocytosis. The data presented herein demonstrate that
AMPK, a key node in the adiponectin signaling pathway,
is required for Clq-dependent Mer expression. More-
over, we report that, similar to Clq, adiponectin elicits
Mer-dependent efferocytosis. Collectively, these results
and others suggest that CTRP family members may serve
as a bridge between immune system regulation and met-
abolic functions.
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Materials and Methods

All reagents were purchased from Fisher (Pittsburgh, Pa., USA)
unless otherwise indicated. Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI 1640 were purchased from Gibco/Molecular
Probes/Invitrogen (Carlsbad, Calif., USA). Serum-free media
(HL1) containing a serum substitute was purchased from Fisher.
Fetal bovine serum (FBS) was purchased from Hyclone Laborato-
ries (Logan, Utah, USA) and heat inactivated for 30 min at 56°C.
Clq was isolated from plasma-derived normal human serum by
ion-exchange chromatography, followed by size-exclusion chro-
matography according to the method of Tenner et al. [23], and
modified as described [24]. C1q collagen-like tails were kindly pro-
vided by Dr. Andrea Tenner, University of California, Irvine, Calif.,
USA. C1q was heat inactivated by incubation at 56°C for 30 min.
Adiponectin and Mer-Fc were purchased from R&D Systems
(Minneapolis, Minn., USA). Rabbit anti-mouse Mer antibody was
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, Calif.,
USA). Rabbit anti-mouse AMPK antibody, rabbit anti-mouse
phosphor-specific AMPK antibody and rabbit anti-mouse phos-
phor-specific ACC were purchased from Cell Signaling (Danvers,
Mass., USA). Mouse anti-actin antibody was purchased from Sig-
ma (St. Louis, Mo., USA). HRP-conjugated secondary antibodies
were purchased from Jackson ImmunoResearch (West Grove, Pa.,
USA). Control (Cat No.001810-10-05) and AMPK siRNA (Cat No.
L-041035-00-0005) were purchased from Thermo Scientific (West
Palm Beach, Fla., USA). RNAIMAX lipofectamine was purchased
from Life Technologies/Invitrogen (Carlsbad, Calif., USA). LXR
agonist GW3965 and PPARy were from Sigma. RXR agonist
LG100268 (LG268) and PPARP antagonist GSK0660 were from
Santa Cruz Biotechnology Inc. RXR antagonist HX531and PPARy
antagonist GW9662 were acquired from R&D Systems. Compound
C was from Calbiochem (EMD Millipore, Billerica, Mass., USA).

Mice

Adiponectin R1 knockout, adiponectin R2 knockout and T-cad
knockout mouse femurs were obtained from Dr. Tamar R. Apra-
hamian (Boston University). LXR mutant mice were provided by
Dr. Peter Tontonoz (University of California). PPARy mutant
mice were provided by Dr. Mary J. Thomassen (East Carolina Uni-
versity). PPARa mutant mice were purchased from Jackson Labo-
ratories. All mice were on a C57Bl/6 background. Mice were
housed in a pathogen-free facility. All methods were approved by
the University of Notre Dame and Des Moines University Institu-
tional Animal Care and Use Committee.

Cell Culture

Bone marrow-derived macrophages (BMDM) were generated
as previously described [25]. Briefly, femurs and tibias were iso-
lated from mice and bone marrow was flushed from bones with
DMEM supplemented with 2% FBS and 100 units/ml penicillin G
sodium/100 pg/ml streptomycin sulfate (Pen/Strep). Marrow was
washed with PBS 10 mM of EDTA, red cells were lysed and cells
were cultured in DMEM supplemented with 10% FBS, 10 mM of
HEPES and Pen/Strep at 37°C and 5% CO, for 2-4 h in a pre-ad-
hesion step to remove resident fibroblasts and macrophages. Non-
adherent cells were cultured in BMDM media (DMEM, 10% FBS,
15% L929 conditioned media, Pen/Strep and 10 mMm of HEPES pH
7.4) at 37°C and 5% CO,. Following maturation for 4 days, 6 ml of
fresh media was added and the cells were considered fully mature
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at 7 days. Media was replenished every 2-3 days to ensure cell vi-
ability. The human Jurkat T cell line was obtained from ATTC
(Manassas, Va., USA) and maintained in RPMI supplemented with
10% FBS and Pen/Strep. Murine thymocytes were harvested from
C57BL/6 mice at 3-4 weeks of age. To generate a single cell suspen-
sion of thymocytes, thymi were placed in a sterile cell strainer (100
uM nylon mesh) and disaggregated with a 1-ml syringe plunger.
The resulting cell suspension was washed with PBS and red blood
cells were lysed. Thymocytes were cultured in RPMI media supple-
mented with 10 mM of sodium hypoxanthine and 1.6 mM of thy-
midine (Invitrogen). Thioglycollate-elicited peritoneal macro-
phages were isolated by lavage from mice 72 h after injection of 1 ml
of sterile 4% thioglycollate into the peritoneal cavity. Peritoneal
macrophages were cultured overnight in DMEM, 5% FBS, Pen/
Strep and 10 mM of HEPES pH 7.4 prior to siRNA treatment.

siRNA Treatment

Thioglycollate-elicited peritoneal macrophages were allowed
to rest overnight in DMEM containing 5% FBS, Pen/Strep and 10
mM of HEPES pH 7.4. The following day, cells were harvested and
re-suspended in DMEM containing 2% FBS without antibiotics
and 3.5 x 10® macrophages were plated in a 35 x 10 mm petri dish.
The macrophages were allowed to rest for 30 min prior to treat-
ment with RNAIMAX lipofectamine containing 100 nM of siRNA
for 24 h according to the manufacture’s recommendations. The
following day, the cells were treated with fresh media containing
RNAiIMAX lipofectamine and 100 nM of siRNA for another 24 h.

Phagocytosis Assays

Sheep erythrocytes sub-optimally opsonized with IgG (EAIgG)
were prepared as previously described [26] and the EAIgG phago-
cytosis assays were performed as described [27]. Percent phagocy-
tosis was defined as the number of macrophages ingesting at least
one target divided by the total number of macrophages counted,
multiplied by 100. The phagocytic index was defined as the num-
ber of ingested targets per 100 cells counted. At least two hundred
cells per well from duplicate experimental culture conditions were
scored. Slides were scored by individuals blinded to treatment.
Flow cytometric apoptotic cell phagocytosis assays were per-
formed as described [27], and percent phagocytosis was defined as
CD11b- and CFSE-double positive cells divided by the total
CD11b-positive cells, multiplied by 100. For microscopy-based
apoptotic cell phagocytosis assays, murine thymocytes were treat-
ed with 3 pM of dexamethasone (Sigma) for 5hat 37°Cin complete
RPMI media supplemented with 10 mM of sodium hypoxanthine
and 1.6 mM of thymidine (Invitrogen), washed with complete me-
dia and labeled with 5 pM of CFSE (Invitrogen) for 30 min at 37°C,
followed by an additional wash in complete media. Untreated con-
trol cells were incubated for the same period without dexametha-
sone. Treatment with dexamethasone for this time period routine-
ly yielded greater than 60% apoptotic cells as measured by An-
nexin V/Propidium Iodide labeling (BioVision Inc., Mountain
View, Calif., USA). Eight-well Lab Tek Chamber Slides (Nalge
Nunc International, Rochester, N.Y., USA) were coated with 250
ul of C1q or human serum albumin (HSA; Baxter, Deerfield, Ill.,
USA) at a concentration of 4 ug/ml and washed with PBS prior to
the addition of cells. Phagocytes were re-suspended at 1.0 x 10°
cells/ml in phagocytosis buffer (RPMI with 2 mM of glutamine,
Pen/Strep and 5 mM of MgCl,), and 250 pl of the cell suspension
was added to the wells. Cells were allowed to adhere for 5h at 37°C
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and 5% CO, prior to the addition of targets. In some conditions,
soluble Mer-Fc fusion protein (40 ug/ml) was added to the macro-
phages for 1 h prior to the addition of targets. Apoptotic or live
thymocytes were added at a 1:10 ratio of macrophage to targets,
and slides were centrifuged for 3 min at 700 rpm (98 g), and then
incubated for 1 hat 37°C and 5% CO,. At the indicated time point,
slides were washed extensively with PBS, fixed with 3.7% parafor-
maldehyde and stained with PE-labeled anti-mouse CD11b (eBio-
science, San Diego, Calif., USA). A minimum of 200 cells per ex-
perimental condition were quantified by individuals blinded to the
experimental design. The percent phagocytosis was calculated as
described above.

Western Blot

BMDM were seeded at 0.5 x 10° cells/ml in one-well Lab Tek
Chamber Slides that were pre-coated with 2 ml of 4 pug/ml HSA,
Clgq, heat-inactivated Clq, C1q collagen-like tails or adiponectin.
At the indicated time point, BMDM lysates were generated with
RIPA buffer (25 mM of Tris-HCI, pH 7.6, 150 mM of NaCl, 1% NP-
40, 1% sodium deoxycholate and 0.1% SDS) supplemented with a
protease and phosphatase inhibitor cocktail tablet (Roche, India-
napolis, Ind., USA). Total protein concentration was determined
by BCA according to the manufacturers’ instructions (Thermo
Scientific, Rockford, Ill., USA) and 10-20 pg of protein was loaded
on 7.5% SDS-PAGE under reducing conditions. Proteins were
transferred to PVDF membrane and blocked either for 2 h or over-
night. Membranes were probed with appropriate primary and sec-
ondary antibodies as indicated in the figure legends.

Microarray Analysis

Microarray and bioinformatics analyses were performed at the
University of Notre Dame Genomics and Bioinformatics Core Fa-
cility. Briefly, total RNA was extracted using the TRIzol (Sigma)
method from BMDM adhered to HSA or Clq for 18 h. The result-
ing RNA was precipitated using sodium acetate and washed with
ethanol to remove contaminants. Randomly selected RNA sam-
ples were analyzed with an Agilent 2100 Bioanalyzer to verify sam-
ple integrity prior to cDNA synthesis. Double-stranded cDNA was
generated using the TransPlex Complete Whole Transcriptome
Amplification Kit (Sigma) according to the manufacturer’s in-
structions and the resulting product was precipitated with sodium
acetate, washed with ethanol to remove residual primers and nu-
cleotides, and stored at —20°C until labeled. Randomly selected
cDNA were analyzed with an Agilent 2100 Bioanalyzer to verify
sample integrity prior to labeling. cDNA was labeled with Cy3 us-
ing NimbleGen One-Color DNA labeling kits according to the
manufacturer’s instructions (Roche NimbleGen Inc., Madison,
Wisc., USA), lyophilized, and stored at -20°C overnight. Labeled
product was re-suspended in hybridization buffer containing
alignment oligos and unique sample tracking controls, loaded
onto a murine gene expression microarray designed by Nimble-
Gen, and hybridized overnight. After extensive washing, the array
microchips were dried and then scanned using a NimbleGen MS
200 Microarray Scanner. Array data was extracted and analyzed
using NimbleScan software v.2.5. The mean fluorescence intensity
was derived from a log, transformation of the raw data and nor-
malized using a quantile normalization method [28]. The data
were compared for statistical significance using Student’s t test and
q value for control of false discovery rate [29]. Pathway analysis
was assessed with GeneGo databases. The data discussed in this
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publication have been deposited in the National Center for Bio-
technology Information’s (NCBI) Gene Expression Omnibus
(GEO) and will be accessible through GEO Series accession No.
GSE48619.

Quantitative Real-Time PCR

Total RNA was isolated as described above. Quantitative real-
time PCR (qRT-PCR) reactions were assembled with SABioscienc-
es (Frederick, Md., USA) SYBR Green qPCR Master Mix according
to the manufacturer’s instructions, and amplified using a Real
Time PCR System from Applied Biosystems (Carlsbad, Calif.,
USA). All reactions were carried out in triplicate. Negative controls
included reactions in which template cDNA or enzyme were omit-
ted. The amplification specificity of the reactions was confirmed by
melting-curve analysis. Results were normalized to GAPDH and
reported as the relative gene expression. The primers used were:
Plcb3 (forward: 5'-GGA TGA GGA GGA AGA TGA AGA AG-3';
reverse: 5'-AAG GACTTG AAC TTG ACG GG-3"), Camkkl1 (for-
ward: 5'-TGA GAA AAG GGC CAG TCA TG C3-3'; reverse: 5'-
GGA GTA GGT TAG ATG GCT TGA TG-3'), Pik3r1 (forward:
5'-GGA TGC TGA ATG GTA CTG GG-3'; reverse: 5'-TGA AAG
AGT GTA ATC GCC GTG-3'), Itprl (forward: 5-GAT GTC AAA
GAG GGA CAG AAG G-3'; reverse: 5'-GCA GCG GAG AAT
GAG ATC ACC-3'), Mapkl14 (forward: 5'-GTG ATT GGT CGT
TTG GAT GTG-3'; reverse: 5'-TGA GAA ACT GAA CGT GGT
CG-3"), GAPDH (forward: 5'-CCA ATG TGT CCG TCG TGG
ATC-3'; reverse: 5'-GTT GAA GTC GCA GGA GAC ACC-3).

Statistics

Statistics other than microarray were performed using Prism
(v.5.02; GraphPad, La Jolla, Calif., USA). Statistical comparisons
between groups were performed as indicated in the figure legends.

Results

Clq Activates an Intracellular Signaling Cascade

Shared by Adiponectin

While numerous studies have reported the effects of
C1q on phagocyte activation [reviewed in 3], there is little
known about the molecular mechanism leading to Clq-
dependent phagocyte activation. We recently demon-
strated that Clq triggers Mer-dependent efferocytosis;
however, the mechanism leading to C1q-dependent Mer
expression is unknown. Our previous experiments indi-
cated that protein synthesis was required for C1q-depen-
dent Mer-mediated efferocytosis [10]. Incubation of mu-
rine BMDM on C1lq enhanced Mer expression as demon-
strated by immunofluorescence (fig. 1a). Kinetic analysis
of C1q-dependent Mer expression indicated that Mer was
upregulated 3 h after macrophage adhesion to Clq
(fig. 1b). Although the collagen-like tail of C1q and other
defense collagens has been reported to trigger macro-
phage activation and phagocytosis [30, 31], full length na-
tive C1q and not the collagen tail (or heat treated Clq)
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Fig. 1. Full-length Clq, and not the Clq collagen-like tails, elicit
Mer expression in mouse BMDM. a BMDM were adhered to Lab
Tek chamber slides pre-coated with 4 pg/ml of control protein
HSA or Clq for 18 h and analyzed for Mer expression (red; colors
refer to the online version only) by immunofluorescence micros-
copy. Nuclei were counterstained with Dapi (blue). b BMDM were
adhered to Lab Tek chamber slides pre-coated with 4 ug/ml of
heat-inactivated Clq (AClq) or Clqfor 1, 2, 3, 4, 5 or 18 h, lysed
and analyzed for Mer expression by Western blot. ¢ BMDM were
adhered to Lab Tek chamber slides pre-coated with 10 ug/ml of
AClg, Clq or Clq collagen-like tails for 18 h, lysed and analyzed
for Mer expression by Western blot. Actin was used as a loading
control. d Western blots were quantified using ImageJ. The bars
represent the average plus standard deviation of three experiments

was required to elicit Mer expression in murine macro-
phages (fig. 1c, d). Moreover, as predicted, the collagen-
like tails failed to elicit Mer-dependent engulfment of
apoptotic cells (fig. 1e). Importantly, we verified that the
Clq collagen-like tails elicited Fc-receptor-dependent
phagocytosis, validating that the tails were active (fig. 1f).
To identify the subset of genes specific to macrophage
activation with full length native Clq that could be in-
volved in Mer expression, we stimulated macrophages
with heat-inactivated C1q, C1q-tails or full-length native
Clq, and analyzed gene expression by microarray. Only
those transcripts that were statistically upregulated (p <
0.01, Student’s t test) compared to control (heat-inacti-
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after normalizing to actin. e BMDM were adhered to protein as
described in ¢ and then fed CFSE-labeled apoptotic Jurkat cells at
a ratio of 1:3 macrophages to apoptotic cells. Macrophages were
harvested and stained with anti-CD11b-PE. Percent phagocytosis
was calculated as CFSE- and CD11b-positive cells divided by the
total CD11b-positive cells, multiplied by 100. The bars represent
an average plus SEM from three individual experiments. * p < 0.05,
ANOVA. f BMDM were adhered to 10 ug/ml of AC1q, Clq or Clq
collagen-like tails for 30 min and then fed sheep EAIgG. At least
200 cells/well from duplicate wells were scored by microscopy. The
phagocytic index is the number of EAIgG ingested per 100 macro-
phages. The bars represent the average + SEM of three individual
experiments normalized to AC1q. n.s. = Not significant.

vated Clq) were further analyzed. The resulting data
demonstrated that, compared to control, Clg-tails up-
regulated 129 transcripts, whereas full-length native Clq
upregulated 661 transcripts. Of those upregulated tran-
scripts, 101 were shared between C1g-tails and full-length
native C1q (online suppl. fig. 1; for all online suppl. mate-
rial, see www.karger.com/doi/10.1159/000363295). Path-
way analysis was performed using Metacore software to
identify signaling pathways activated by full-length Clq
and not Clqg-tails. Several pathways were identified, in-
cluding the adiponectin signaling pathway, and expres-
sion of the pathway-specific genes identified in the micro-
array was validated using QRT-PCR (online suppl. fig. 1B).
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Fig. 2. Clq triggers activation of AMPK.
a BMDM were rested overnight in serum-
free media for 18 h and then treated with
4 pg/ml of soluble HSA or Clq for 10 min,
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and cell lysates were analyzed for phos- b
phorylated-AMPK (p-AMPK) by Western
blot. Densitometric analysis of p-AMPK HSA
from three independent experiments. Bars 10

Clqg

10 60 (min)

represent the mean + SEM (n = 3). * p <
0.05, Student’s t test. b BMDM were rested
as described in a and treated with HSA,
Clq or adiponectin for the indicated time
points, and cell lysates analyzed for p-
AMPK by Western blot. ¢ BMDM were

p-ACC

Actin

treated as described in a and cell lysates c
were analyzed for p-ACC by Western blot.

Adiponectin stimulates macrophage polarization to-
wards an anti-inflammatory M2 macrophage, and adipo-
nectin also stimulates enhanced efferocytosis [32, 33]
(online suppl. fig. 1C). While the signal transduction
pathway leading to adiponectin-dependent regulation of
metabolism in muscle and liver cells has been well docu-
mented, less is known regarding the signaling mechanism
utilized by adiponectin and adiponectin receptors in
macrophages. Since C1q and adiponectin stimulate simi-
lar activities in macrophages (downregulation of inflam-
mation and increased efferocytosis), we sought to deter-
mine whether adiponectin and Clq utilize similar path-
ways to promote efferocytosis.

Clg-Dependent Mer Expression Requires AMPK

The major intracellular signaling nodes in the adipo-
nectin signaling pathway are AMPK and PPARa [18, 34]
(online suppl. fig. 1C). To determine whether Clq acti-
vated AMPK, BMDM were stimulated with the control

Clq and Adiponectin Enhance
Efferocytosis via MerTK

protein HSA or Clq for 10 min and phosphorylation of
AMPK at Thr!”? was assessed by Western blot. As pre-
dicted, Clq triggered phosphorylation of AMPK com-
pared to control BMDM (0.78 £ 0.11 vs. 0.36 + 0.12, re-
spectively; fig. 2a). To investigate the kinetics of C1q-de-
pendent AMPK phosphorylation, BMDM  were
stimulated with Clq for increasing amounts of time.
AMPK phosphorylation was detected from Clq-stimu-
lated macrophages after 10 min, and phosphorylation
was maintained for at least 5 h (fig. 2b). As expected, ad-
iponectin-stimulated BMDM also showed increased
AMPK phosphorylation compared to control BMDM
(fig. 2b). Acetyl-CoA carboxylase (ACC)1 is a substrate of
AMPK that regulates fatty acid metabolism, and phos-
phorylation of ACC by AMPK inhibits the enzymatic ac-
tivity of ACC. To verify that an increase in AMPK activ-
ity correlated with the increase in AMPK phosphoryla-
tion, the phosphorylation state of ACC was assessed by
Western blot. As predicted, C1g-stimulated BMDM dis-
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played increased ACC phosphorylation compared to
control BMDM (fig. 2¢). These results demonstrated that
Clq stimulation leads to activation of AMPK in murine
macrophages.

To determine if AMPK activity was required for Clq-
dependent Mer expression, BMDM were pre-treated
with the specific AMPK inhibitor, Compound C, then
stimulated with control protein or C1q for 5 h, and Mer
expression was assessed by Western blot. As predicted,
treatment with Compound C blocked Clq-dependent
phosphorylation of AMPK (fig. 3a) and C1q-dependent
Mer expression (fig. 3b). To validate these results, AMPK
expression was silenced in thioglycollate-elicited perito-
neal macrophages using siRNA (fig. 3c). In the absence of
AMPK, Clq failed to upregulate Mer expression (fig. 3d).
These results indicated that AMPK activation and expres-
sion were required for Clq-dependent upregulation of
Mer. Next we assessed whether silencing of AMPK using
siRNA inhibited Clq-dependent efferocytosis. As pre-
dicted, inhibition of AMPK via siRNA inhibited C1q-de-
pendent efferocytosis compared to thioglycollate-elicited
peritoneal macrophages treated with control siRNA
(fig. 3e). Silencing AMPK did not affect basal efferocyto-
sis in this system (fig. 3e; HSA control), demonstrating
that the effect was specific to C1q-dependent efferocyto-
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sis. Together, these data demonstrate that C1q activates
an intracellular signaling cascade that requires AMPK to
elicit Mer-dependent efferocytosis.

RXR Regulates Clq-Dependent Mer Expression

In addition to AMPK, PPARa mediates downstream
functions of adiponectin [18]. PPARa is a transcription
factor belonging to the nuclear receptor superfamily that
forms an obligate heterodimer with RXR. Previous stud-
ies have shown that activation of nuclear receptors such
as PPARY/9, LXRa/p and RXRa leads to increased ex-
pression of engulfment receptors such as Mer, Gas 6 and
milk fat globule epidermal 8 [35-38]. Since RXRa has
been implicated in driving Mer expression during efte-
rocytosis [36], and since PPARa and the nuclear recep-
tors involved in modulating expression of engulfment
proteins couple to RXR as heterodimers, we utilized
HX531, a global RXR antagonist, to determine whether
inhibition of RXR blocked C1q-dependent Mer expres-
sion. HX531 inhibited Clq-dependent Mer expression
as well as Clq-dependent efferocytosis (fig. 4a, b). Im-
portantly, HX531 did not alter C1q-dependent FcR-me-
diated phagocytosis, demonstrating that the effects of
HX531 were specific to apoptotic cell clearance and not
a global inhibitor of phagocytosis (fig. 4c). Together,
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Fig. 4. RXR regulates C1q-dependent Mer expression and effero-
cytosis. a Macrophages were pre-treated with increasing concen-
trations of HX531 for 4 h and then adhered to chamber slides
pre-coated with 4 pg/ml HSA or Clq for 4 h, and cell lysates were
analyzed for Mer expression by Western blot. b Macrophages
were treated as described in a and then fed apoptotic Jurkat cells
at a 1:3 macrophage to apoptotic cell ratio for 1 h. Data are ex-
pressed as fold change in phagocytosis relative to control. Bars
represent the mean + SEM (n = 3). *** p < 0.001, two-way
ANOVA, one-way ANOVA, Bonferroni multiple comparison
tests. ¢ Macrophages were treated as described in a and b and then
fed antibody-coated red blood cells for 30 min. Data are ex-
pressed as fold change in phagocytosis relative to control. Bars
represent the mean + SEM (n = 3).
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Fig. 5. Clq elicits Mer expression and efferocytosis independent of
PPARa. a Wild-type (Wt) or PPARa KO BMDM were stimulated
with HSA or Clq for 5 or 18 h, and cell lysates were analyzed for
Mer by Western blot. b Wild-type or PPARa KO BMDM were
stimulated with HSA or Clq for 18 h and then fed apoptotic thy-
mocytes at a 1:10 macrophage to apoptotic cell ratio for 1 h. ** p <
0.01, two-way ANOVA, Bonferroni multiple comparison tests.
n.s. = Not significant.

these data suggest that Clq utilizes RXR to elicit Mer-
dependent efferocytosis.

To investigate whether PPARa was involved in Clq-
dependent Mer expression, we utilized PPARa-deficient
BMDM. Stimulation of PPARa-deficient BMDM with
Clqresulted in increased Mer expression (fig. 5a). More-
over, PPARa-deficient BMDM stimulated with Clq for
18 h showed increased efferocytosis of apoptotic thymo-
cytes to the same extent as wild-type BMDM stimulated
with C1q (fig. 5b). These results demonstrate that PPARa
is not required for Cl1q-dependent Mer expression. To
investigate the role of other PPARs (i.e. PPARy and 8/pB)
in Clq-dependent Mer expression, BMDM were pre-
treated with GSK0660 or GW9662, specific PPARS/(
and PPARYy inhibitors, respectively. Inhibitor-treated
macrophages were then stimulated with C1q and Mer
expression was assessed by Western blot. Neither
GSK0060 nor GW9662 inhibited Cl1q-dependent Mer
expression (data not shown). Additional experiments in
PPARy-deficient mice confirmed that PPARy was not
required for Clg-dependent Mer expression (online
suppl. fig. 2A). Collectively, these data suggest that
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PPARs are not required for C1q-dependent Mer expres-
sion in murine BMDM.

Similar to Clq, activation of LXR leads to increased
Mer expression and efferocytosis [39]. Therefore, we uti-
lized LXRaf-deficient BMDM to determine if LXR was
required for Clq-dependent Mer expression. As expect-
ed, Mer expression was upregulated with the LXR ago-
nists GW3965 in wild-type BMDM but not in LXR-defi-
cient BMDM (online suppl. fig. 2B). Furthermore, the
RXR agonist LG100268 triggered Mer expression in wild-
type BMDM and not LXRaf-deficient BMDM. However,
Clq elicited Mer expression in LXRap-deficient BMDM,
indicating that this receptor was not required for Clq-
dependent Mer expression (online suppl. fig. 2B). In
agreement with our previous observations, pharmacolog-
ical inhibition of RXR with the RXR antagonist (HX531)
inhibited C1q-dependent Mer expression in both wild-
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type and LXRap-deficient macrophages (online suppl.
tig. 2B). Together, these data suggest that LXRap is not
required for Clq-dependent Mer expression in murine
BMDM.

Adiponectin Elicits Mer Expression to Promote

Clearance of Apoptotic Cells

Our results indicated that C1q and adiponectin shared
a common signaling mechanism involving AMPK; how-
ever, the pathway is independent of PPARa. To verify
that the signaling cascade was shared between C1q and
adiponectin, we tested the ability of adiponectin to en-
hance Mer-dependent efferocytosis. As predicted, adipo-
nectin enhanced Mer expression (fig. 6a) and efferocyto-
sis (fig. 6b). To determine whether the enhanced effero-
cytosis observed in BMDM upon stimulation with
adiponectin was Mer dependent, we utilized a Mer-Fc
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fusion protein to compete for Mer ligands in solution.
BMDM were stimulated with adiponectin or Cl1q for 5h
and then cultured in the presence or absence of recom-
binant Mer-Fc fusion protein for 1 h prior to co-culture
with apoptotic thymocytes. As predicted, adiponectin
enhanced engulfment of apoptotic thymocytes over con-
trol (62 + 8.1 vs. 19 * 5.0; fig. 6¢) and Mer-Fc inhibited
adiponectin-dependent efferocytosis to control levels
(20 £ 2.8 vs. 19 * 3.4; fig. 6¢). In addition, pre-treatment
of BMDM with the RXR antagonist HX531 inhibited ad-
iponectin-dependent Mer expression compared to con-
trol BMDM (fig. 6d), further suggesting that adiponectin
and Clq utilize a common signaling pathway to enhance
efferocytosis.

To determine whether C1q and adiponectin utilized a
known receptor for Mer-dependent efferocytosis, we
evaluated C1lq and adiponectin-dependent Mer expres-
sion in mouse macrophages lacking the previously de-
scribed adiponectin receptors AdipoR1, AdipoR2, T-cad
and LRP. Clq and adiponectin elicited Mer expression
above control levels in all of the mouse macrophages ex-
amined, indicating that these receptors were not required
for C1q-dependent Mer expression (fig. 6e). Collectively,
these data suggest that there is an unidentified Clq/adi-
ponectin receptor on macrophages required for Mer ex-
pression.

Discussion

C1q has been shown to play a critical role in efferocy-
tosis and prevention of autoimmunity in human patients
and murine autoimmune disease models [9, 36, 37]. Pre-
vious studies demonstrated that C1q enhances efferocy-
tosis via activation of the classical complement pathway
and ingestion via complement receptors, or alternatively
by directly bridging apoptotic cells to phagocytes [re-
viewed in 3]. More recently, we demonstrated that, in ad-
dition to these mechanisms, C1q enhances Mer expres-
sion and Mer-dependent efferocytosis [10]. In the present
study, we extended those observations and demonstrated
for the first time that C1q utilizes AMPK to elicit Mer ex-
pression and Mer-dependent efferocytosis in murine
BMDM. Moreover, this is the first study to report that
adiponectin, a protein structurally homologous to Clq,
enhances Mer expression and Mer-dependent efferocyto-
sis. Together, these data reveal a shared signaling mecha-
nism for Clq and adiponectin that is important in the
regulation of efferocytosis and may be involved in auto-
immunity.

Clq and Adiponectin Enhance
Efferocytosis via MerTK

Previous studies have shown that adiponectin enhanc-
es apoptotic cell clearance. Adiponectin was shown to
bind directly to apoptotic cells and to macrophages via
calreticulin [32]. Thus, in this context, adiponectin bridg-
es apoptotic cells to macrophages and thereby enhances
efferocytosis. This bridging mechanism is independent of
adiponectin receptors (AdipoR1, AdipR2 and T-cad) and
dependent on a phagocytic complex of calreticulin with
the transmembrane protein LRP (CD91) [32]. This bridg-
ing mechanism is also shared with Clq [reviewed in 3]. In
addition, adiponectin deficiency, similar to C1q deficien-
cy, accelerates the onset and severity of the autoimmune
phenotype observed in autoimmune-susceptible murine
strains [13, 40]. Herein, we provide evidence demonstrat-
ing that, in addition to acting as bridging molecules to en-
hance efferocytosis via calreticulin/LRP [32], both Clq
and adiponectin enhance efferocytosis by upregulating
Mer. Our previous studies and the data presented here
demonstrate that this Mer-dependent efferocytosis path-
way is independent of LRP and therefore distinct from the
previously reported bridging mechanism shared between
Clq and adiponectin [10, 32]. Taken together these data
demonstrate that C1q and adiponectin utilize multiple
common molecular mechanisms to enhance efferocytosis.

Clq and adiponectin share common structural fea-
tures, such as size, domains and the ability to form func-
tional multimeric structures. Both proteins share a short
N-terminal domain, a collagen-like repeating sequence
(glycine-X-Y) and a C-terminal globular domain with
homology to the TNF family [41]. These structural fea-
tures set them apart from members of the collectin fam-
ily, such as MBL and SP-A, which contain a C-terminal
lectin domain. Although collectin family members, in-
cluding MBL, have been shown to enhance efferocytosis
by acting as bridging molecules [42-48], our previous
published studies demonstrated that MBL does not alter
Mer expression and Mer-dependent efferocytosis [10].
These data suggest that the ability to upregulate Mer-de-
pendent efferocytosis is unique to C1q and adiponectin,
and not shared by other members of the defense collagen
family. Since adiponectin and Clq share structural fea-
tures that are common to members of the CTRP family
[12], it is possible that other members of the CTRP fam-
ily may also upregulate Mer to promote efferocytosis.
While many actions of adiponectin are attributed to sig-
naling via AdipoR1 and AdipoR2, we demonstrate here
that adiponectin and Clq-dependent upregulation of
Mer is independent of these receptors, and suggest that
an unidentified adiponectin/Clq receptor is present on
macrophages. Awazawa et al. [17] previously proposed
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the presence of an unidentified adiponectin receptor re-
quired for adiponectin-dependent regulation of IL-6 pro-
duction from macrophages, and our results provide ad-
ditional evidence for the existence of such a receptor.

Identification of the molecular mechanism(s) required
for cellular activation with C1q has been largely elusive.
Although several putative Clq receptors have been re-
ported to mediate the biological effects of Clq, there is
much controversy in the field. More recently, studies sug-
gest that Clq bridges apoptotic cells to phagocytes via
SCARF1 [49]. This mechanism appears to be important
in dendritic and endothelial cells, but to a lesser extent in
macrophage-mediated efferocytosis. Together, these
studies highlight the diversity of mechanisms that medi-
ate efferocytosis.

Using microarray and pathway analysis as a means to
identify a signaling pathway in macrophages downstream
of Clq, we have identified a new, and potentially targe-
table, molecular mechanism for C1q-dependent upregu-
lation of Mer and efferocytosis. In agreement with recent
publications reporting a distinct non-redundant role for
AMPK and RXR in efferocytosis [22, 36, 50], the data pre-
sented herein demonstrate that C1q enhances Mer-de-
pendent efferocytosis through RXR and AMPK. Both of
these signaling molecules are involved in regulating me-
tabolism, and a growing body of evidence suggests a link
between metabolism and immune cell function including
efferocytosis [51]. For example, studies have shown that
alterations in mitochondrial membrane potential regu-
late efferocytosis [52]. Increased expression of uncou-
pling protein 2, which is associated with decreased mito-
chondrial membrane potential, results in enhanced effe-
rocytosis. Moreover, deletion of uncoupling protein 2
results in decreased efferocytosis in macrophages in vitro
and defects in apoptotic cell clearance in the thymus and
testes. Similarly, AMPK, a protein central to metabolism,
has also been implicated in efferocytosis. Studies have
shown that pharmacological activation of AMPK en-
hances efferocytosis [22, 50]. The data presented herein
extend those findings and demonstrate that Mer is an
AMPK target gene involved in C1q-dependent efferocy-
tosis. Although the mechanism by which AMPK regu-
lates expression of Mer in macrophages stimulated with
Clqis yet undefined, studies have shown that in addition
to its rapid effects on metabolic pathways, AMPK exhibits
long-term effects by regulating transcription [53]. Mac-
rophages utilize transcription factors such as RXR to
sense their lipid microenvironment and alterations of the
lipid microenvironment influence metabolic demands,
which in turn can influence immune responses [54]. Ac-
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cordingly, these data suggest that C1q may drive macro-
phage eftector functions, such as efferocytosis, by altering
lipid metabolism. Further studies are needed to deter-
mine whether there is a functional link between C1q and
lipid metabolism in macrophages. Our continued inves-
tigations are directed towards understanding the influ-
ence of Clq on lipid metabolism, and the crosstalk be-
tween AMPK and RXR in this system. In addition, future
studies are required to determine the signaling pathway
upstream of RXR and whether RXR drives Mer expres-
sion independent of other nuclear receptors.

In conclusion, we have identified a novel engulfment
mechanism utilized by the defense collagens C1q and ad-
iponectin. Clq utilizes AMPK and nuclear receptors to
upregulate Mer-dependent engulfment of apoptotic cells.
This pathway is independent of the collagen-like tails,
and not shared with other defense collagens such as MBL.
These data identify a molecular pathway that may be use-
ful for targeted therapeutics in autoimmune diseases.
Furthermore, the structural homology between Clq and
adiponectin, and identification of a shared molecular
mechanism in innate immunity, suggests that C1q may
share other functions in metabolism that have been well
characterized for adiponectin. Future studies will focus
on Clq and related molecules in metabolism and immu-
nity that will contribute to our understanding of autoim-
munity, inflammation and metabolic disorders.
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