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Abstract
Objectives: Macrophage inhibitory cytokine-1 (MIC-1) is a distant member of the trans-
forming growth factor β (TGFβ) superfamily, which operates in acute phase respon-
ses through a currently unknown receptor. Elevated MIC-1 serum levels were recently 
shown to be an independent risk factor for acute coronary syndromes. This led us to 
address the role of this cytokine in atherogenesis. 
Methods and results: Irradiated LDLr-/- mice, reconstituted with MIC-1-/- or litter-
mate bone marrow showed impaired lesion formation in the aortic sinus after 4 (initial 
plaques) but not 12 weeks of western type diet feeding (advanced plaques). Advanced 
plaques of MIC-1-/- chimeras had reduced macrophage in�iltrates, increased collagen 
deposition and decreased necrotic core formation and intimal apoptosis, all features 
of improved plaque stability. MIC-1-/- chimeras suffered from mild monocytopenia and 
a concomitant reduction in stromal monocyte numbers, most notably of the CD11b+  
Ly6Clow CX3CR1high subset, suggestive of perturbed myeloid differentiation. We show 
that MIC-1-/- macrophages display an impaired CCR2 directed chemotactic response, 
while conversely MIC-1 induced macrophage chemotaxis appeared to be strictly CCR2 
and TGFßRII-dependent. 
Conclusions: The acute phase protein MIC-1 exerts a multifaceted role in regulating 
atherosclerosis and plaque stability modulating leukocyte in�lux and homeostasis. Its 
activity pro�ile and in�lammation driven expression render MIC-1 a very attractive tar-
get for plaque stabilizing therapy.
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Introduction
The superfamily of Transforming Growth Factor-beta (TGF-β) encompasses two major 
sub-families: the TGFβ/Activin/Nodal family and the bone morphogenic protein (BMP)/
Growth Differentiation Factor (GDF) subfamily1. Transforming growth factor-beta 
family members are notorious for their pleiotropic effects on cell cycle (proliferation, 
differentiation and apoptosis), in�lammation, cellular  motility and adhesion, cartilage/
bone formation and neuronal growth 2, 3. Generally TGFβ/Activin/Nodal members 
interact with the common membrane-bound TGFβ receptors 2 (TGFβRII), which 
consequently dimerizes with TGF-β receptor 1 (TGFβR1), leading to SMAD dependent 
signaling. After nuclear translocation SMAD complexes interact with co-activators to 
effect transcriptional activation of several target genes1, 4, 5. Members of the BMP/GDF 
family interact with two serine/threonine kinase receptors (BMPR1 and BMPRII) 
inducing a signal transduction pathway very similar to that of the TGFβ/Activin/
Nodal family4, 5. However interaction of BMP with its receptor is not unambiguously 
established as they have af�inity for the classical TGFβ receptors, and most notably for 
TGFβRI, as well.

Macrophage inhibitory cytokine-1 (MIC-1), also known as Growth Differen-
tiation Factor-15, Placental Bone Morphogenic Protein, Prostate Differentiation Factor 
and placental TGFβ, is a distant member of the subfamily of  Bone Morphogenic Proteins 
6, 7. MIC-1 has alleged anti-in�lammatory activity that acts through an unknown receptor. 
It is weakly expressed under normal conditions6, 8 but is sharply upregulated under 
conditions of in�lammation9, 10, where it is shown to act as an autocrine regulator of 
macrophage activation6. Next to its effects on macrophages MIC- 1 was also identi�ied as 
a downstream target gene of p53, suggesting a role in injury response to DNA damage 
and cancer. In support of this notion, some studies have indeed shown that MIC-1 is 
involved in apoptosis of various cancer cells11, 12, while in other studies MIC-1 was seen 
to protect cells from apoptosis by inducing cellular S phase arrest13. Moreover several 
anti-cancer drugs are known to induce MIC-1 expression11, 14, 15.

MIC-1, both tissue-derived and circulating, appeared to be cardio-protective 
in mouse models for myocardial infarction and heart failure 16, 17. Conversely, elevated 
MIC-1 serum levels were shown to be an independent risk factor for acute coronary 
syndromes18, 19. In this study we have therefore addressed the potential involvement 
of MIC-1 in atherogenesis. We demonstrate that while hematopoietic MIC-1 de�iciency 
attenuated early lesion formation; it also improved atherosclerotic plaque stability by 
enhancing collagen deposition and decreasing necrotic core expansion.

Materials & Methods

Animals
LDLr-/- mice were obtained from the local animal breeding facility. Mice were maintained 
on regular chow (RM3; Special Diet Services, Essex, U.K.). Drinking water was provided 
ad libitum. In vivo experiments were performed at the animal facilities of the Gorlaeus 
laboratories. All experimental protocols were approved by the ethics committee for 
animal experiments of Leiden University.

Bone Marrow Transplantation
To induce bone marrow aplasia, male LDLr-/- recipient mice were exposed to a single 
dose of 9 Gy (0.19 Gy/min, 200 kV, 4 mA) total body irradiation using an Andrex Smart 
225 Röntgen source (YXLON International) with a 6-mm aluminum �ilter 1 day before 
the transplantation. Bone marrow was isolated from male MIC-1-/- or littermates by 
�lushing the femurs and tibias. Irradiated recipients received 0.5x107 bone marrow 
cells by tail vein injection and were allowed to recover for 6 weeks. Drinking water was 
supplied with antibiotics (83 mg/L cipro�loxacin and 67 mg/L polymyxin B sulfate) and 
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6.5 g/L sucrose and was provided ad libitum. Animals were placed on a Western type 
diet containing 0.25% cholesterol and 15% cacao butter (SDS) diet for 4 and 12 weeks 
and subsequently sacri�iced. 

Histological analysis
Cryostat sections of the aortic root (10 μm) were collected and stained with Oil-red-O. 
Lesion size was determined in 5 sections of the aortic valve lea�let area. Corresponding 
sections on separate slides were stained immunohistochemically with an antibody 
directed against a macrophage speci�ic antigen (MoMa-2, monoclonal rat IgG2b, dilution 
1:50; Serotec, Oxford, UK). Goat anti-rat IgG-AP (dilution 1:100; Sigma, St. Louis, MO) 
was used as secondary antibody and NBT-BCIP (Dako, Glostrup, Denmark) as enzyme 
substrates. Masson’s trichrome staining (Sigma) was used to visualize collagen (blue 
staining). Cellular apoptosis was visualized using a terminal deoxytransferase dUTP 
nick-end labeling (TUNEL) kit (Roche Diagnostics). Apoptotic nuclei were scored 
manually. Intimal necrosis was determined by assessment of necrotic area in TUNEL 
stained sections. Histological analysis was performed by an independent operator.

Flow Cytometry
Bone marrow was isolated by �lushing the femurs and tibias with PBS. Subsequently 
the cell suspension was gently �iltered through a 70μm cell strainer to obtain a single 
cell suspension (BD Falcon, BD Biosciences, San Jose, CA). Peritoneal leukocytes were 
harvested by peritoneal cavity lavage with PBS. Crude peripheral blood mononuclear 
cells (PBMC) and peritoneal leukocytes were incubated at 4°C with erythrocyte lysis 
buffer (155mM NH

4
CL in 10mM Tris/HCL, pH 7.2) for 5 minutes. Cells were centrifuged 

for 5 minutes at 1500 rpm, resuspended in lysis buffer to remove residual erythrocytes. 
Cells were washed twice with PBS. Cell suspensions were incubated with 1% normal 
mouse serum in PBS and stained for the surface markers F4/80 antigen, CD11b, CD19, 
CD4, CD23, CD69, CD86 (eBioscience, San Diego, CA.), CD8, Ly6C (BD Pharmingen, San 
Diego, CA.), CX3CR1 (MBL, Woburn, MA.) and CCR2 (clone E68, Abcam, Cambridge, MA.) 
at a concentration of 0.25 μg Ab/200.000 cells. Optionally cells were permeabilized and 
stained intracellulary for FoxP3, according to the manufacturer’s protocol (eBioscience). 
Subsequently cells were subjected to �low cytometric analysis (FACSCalibur, BD 
Biosciences, San Diego, CA). FACS data was analyzed with CELLQuest software (BD 
Biosciences).

Cell Culture
The murine macrophage cell line (RAW 264.7, TIB-71, ATCC) was grown in DMEM 

(containing 10% Fetal Bovine Serum (FBS), 2 mmol/L L-glutamine, 100 U/ml penicillin, 
and 100 μg/ml streptomycin) in a humidi�ied atmosphere (5% CO

2
) and at 37°C. 

Migration Assay
RAW 264.7 were starved for 24 hours in medium containing 1% FBS before the 
experiment. Serum deprived cells were detached using trypsin-EDTA and 3.5x104 cells 
were seeded onto transwell inserts (pore size 5 μm; Becton Dickinson Labware). Medium 
containing the chemotactic stimuli (MIC-1 10ng/ml (R&D system), murine MCP-1 (JE) 
10ng/ml (Peprotech, Rocky Hill, NJ), TGFβ1 10ng/ml (Peprotech, Rocky Hill, NJ), with 
or without TGF-β signaling inhibitors (PI3 kinase inhibitor (Ly294-002, Sigma) 10μM, 
SMAD-3 inhibitor (SIS3, Sigma) 3μM and ERK inhibitor (PD98059, Sigma) 20μM) was 
added to the basolateral side of the membrane and cells were allowed to migrate for 
24 hours. The chemotactic peptide n-formyl-methionine-leucine-phenylalanine (fMLP, 
Sigma) was used as a positive control (1 nmol/L). Finally after centrifugation of the 
plate (5 min, 1000 rpm), RAW 264.7 were �ixed and stained with Mayer’s Hematoxylin. 
The number of cells that had completely migrated to the basolateral side of the chamber 
was scored manually. 

Peritoneal leukocytes from WT or CCR2-/- mice were harvested by peritoneal 
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lavage and contained in complete DMEM to allow cell attachment. Four hours after 
seeding non adherent cells were removed and adherent cells were gently detached with 
Accutase (PAA, Gölbe, Germany). Next 1.0x105 peritoneal macrophages were seeded 
onto 96 well, 8μm pore chemotaxis plates (ChemoTx, Neuroprobe, Gaithersburg, MD) 
and cells were allowed to migrate for 16 hours in response to MIC-1 and MCP-1 or 
TGF-β signaling inhibitors. Cells which had completely migrated into the basolateral 
compartment were counted manually.

Macrophage stimulation
Serum deprived RAW 264.7 macrophages were seeded at a density of approximately 
80% and stimulated with recombinant TGFβ-1 (15ng/mL) or MIC-1 (10ng/mL) for 6 
hours. Total RNA was isolated for real time PCR. Peritoneal macrophages were harvested 
by peritoneal lavage and seeded as 0.5 .106 cells/ml. When complete cell adherence was 
con�irmed the cells were stimulated with 100ng/ml LPS (Salmonella Minnesota R595 
(Re) (List Biological Laboratories Inc., Campbell, CA)) for 24 hours. Subsequently the 
supernatant was collected and assayed for TGFβ-1 and MCP-1 levels on ELISA, according 
to the manufacturer’s protocol (eBioscience).

Cell Cycle
Cells were serum starved 24 hour before treatments, and then, stimulated with 
recombinant MIC-1 (10ng/ml), Pi�ithrin α (Calbiochem, 20nM), p53 inducer (5-
Fluorouracil, Sigma aldrich; 25ug/ml) and Recombinant mouse TGFβRII/mouse FC 
(R&D system, 100ng/mL) for 6, 12 and 24 hours. Cells were harvested, pooled, washed 
twice in PBS, and �ixed in ice-cold 70% ethanol in distilled water for 24 h. Cells were 
then washed twice in Hank’s Balanced Salt Solution (HBSS) and resuspended in PBS 
containing 0.1 mM EDTA, 0.1% Triton X-100, 50 μg/ml RNAse A and 50 μg/ml PI. After 
incubation at room temperature for 30 min, cells were analyzed for cell cycle distribution 
with an EPICS XL �low cytometer (Beckman Coulter) and EXPO32 Software (Beckman 
Coulter). Red �luorescence (585 nm) was evaluated on a linear scale, and pulse width 
analysis was used to exclude cell doublets and aggregates from the analysis. Cells with 
DNA content between 2N and 4N were designated as being in the G1/G0-, S-, or G2/M-
phase of the cell cycle. The number of cells in each compartment of the cell cycle was 
expressed as a percentage of the total number of cells present.

Apoptosis Assay
Cellular apoptosis was measure using a terminal deoxytransferase dUTP nick-end 
labeling; TUNEL (In situ cell death detection kit, Roche). Cells were serum starved 
24 hour before treatments, and then, stimulated with recombinant MIC-1 (10ng/ml) 
and Pi�ithrin α (Calbiochem, 20nM) for 24, and 36 hours. Additionally apoptosis was 
measured by Annexin-V PI staining. Cells were serum starved 24 hour before treatments, 
and then, stimulated with recombinant MIC-1 (10ng/ml), Pi�ithrin α (Calbiochem, 
20nM), p53 inducer (5-Fluorouracil, Sigma aldrich; 25ug/ml) and Recombinant mouse 
TGFβRII/mouse Fc (R&D system, 100ng/mL) for 5 days.

Proliferation Assay (MTT)
The cell viability was evaluated with MTT. Brie�ly, MTT solved in PBS (pH 7.4) was 
added to the culture media to reach a �inal concentration of 0,25mg/ml. After the 
cells were incubated at 37°C for 4h, the culture media containing MTT were removed. 
Dimethylsulfoxide (DMSO) was added into each well and the absorbance at 540nm was 
measure by Thermo Labsystems Multiskan Spectrum.

Real time PCR assays
mRNA levels for speci�ic genes were determined by real-time PCR in a MX3000P system 
(Stratagene). Reverse transcription was performed using three micrograms of RNA and 
Superscript II RT according to the manufacture’s manual. For each PCR, cDNA template 
was added to Brilliant SYBR green QPCR Master Mix (Stratagene) containing the primer 
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pairs for CCR2, Cx3CR1, MCP-1, INFγ and PAI-1 (Supplemental table 1). Primers were 
designed based on PRIMER3.0 (http://frodo.wi.mit.edu/cgibin/primer3/primer3_
www.cgiAll) ampli�ication reactions were performed in triplicate and average threshold 
cycle (Ct) numbers of the triplicates were used to calculate the relative mRNA expression 
of candidate genes. The magnitude of change of mRNA expression for candidate genes 
in RAW 267.4 was calculated by using a standard curve. All data were normalized to the 
gene contents of the endogenous references hypoxanthine phosphoribosyl transferase 
(HPRT) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and expressed as 
fold change over the controls.

Statistical analysis
Data are expressed as mean ± SEM. A 2-tailed Student’s t-test was used to compare 
individual groups, while multiple groups were compared with a one-way ANOVA and 
a subsequent Student-Newman-Keuls multiple comparisons test. Non-parametric 
data were analyzed using a Mann-Whitney U test. A level of p<0.05 was considered 
signi�icant.

Results
Hematopoietic MIC-1 de�iciency did not in�luence body weight or total cholesterol 
levels throughout the experiment (data not shown). In MIC-1 de�icient chimeras MIC-
1 expression by peritoneal macrophages and in secondary lymphoid organs such as 
lymph nodes and spleen was almost completely blunted, while MIC-1 expression in liver 
was reduced by a signi�icant 60% (Table 1). 

Littermate MIC1-/- p value
Peritoneal Macrophages 1.65 ± 0.54 0.03 ± 0.01 <0.001
Lymph Nodes 0.6 ± 0.53 0.02 ± 0.005 <0.001
Spleen 0.51 ± 0.12 0.07 ± 0.03 <0.001
Liver 2.75 ± 0.50 0.92 ± 0.18 <0.01

Table 1: Relative MIC-1 expression levels (x10-3) in different cellular components and tissues. Values are 
expressed as mean ± SEM.

After recovery mice were put on a Western type diet for 4 and 12 weeks 
and sacri�iced for tissue and aortic lea�let plaque analysis. Early lesion development 
(4 weeks) was strongly impaired in MIC-1 de�icient chimeras (15.8 ± 2.8 in MIC-1-/- 
vs. 51.5 ± 11.0 x103 μm2 in littermates; p=0.02, Figure 1A), while at week 12 plaque 
burden was almost equal between littermate and MIC-1-/- bone marrow transplanted 
mice (232 ± 33 and 174 ± 35 x103 μm2, respectively; p=0.25; Figure 1A/B). However, 
we did notice striking differences in plaque composition between MIC-/- chimeras and 
controls at the 12 week time point. Plaque cellularity was signi�icantly decreased in 
MIC-/- chimeras (1.33 ± 0.11 x10-3 vs. 1.94 ± 0.14 cells/μm2 for controls; p=0.003, Figure 
1B). This decrease was at least partially attributable to a decreased plaque macrophage 
content (30.7 ± 5.6 vs. 45.6 ± 6.1 % for littermate controls; p=0.04, Figure 1C). Next to 
a decreased in�lammatory status plaques of MIC-1 de�icient chimeras displayed more 
pronounced collagen deposition (18.2 ± 1.5 in MIC-/- vs. 11.4 ± 2.5 % in littermates; 
p=0.04, Figure 2A). Furthermore necrotic core area was signi�icantly smaller in MIC-
1-/- bone marrow transplanted mice (13.3 ± 4.2 vs. 29.1 ± 4.2 % in littermates; p=0.02, 
Figure 2B) as was the rate of intimal apoptosis (1.1 ± 0.35 vs. 2.3 ± 0.35 % in littermates, 
p=0.03, Figure 2C). 

One of the most remarkable features of MIC-1 de�iciency was the dramatic 
reduction of necrotic core size, which was paralleled by a reduced apoptotic rate. As MIC-
1 has been implicated in apoptosis, mainly secondary to p53 induction13, we assessed 
whether MIC-1 was able to in�luence macrophage cell homeostasis. Exposure of RAW 
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Figure 1: Effects of MIC-1 De�iciency on Atherogenesis and Plaque Cellularity. Initial plaque development (week 
4) was sharply attenuated in MIC-1 de�icient chimeras (A), while in progressed plaques (week 12), plaque burden 
did not differ between littermate and MIC1-/- recipients (representative pictures  50x magnigication panel A, B). 
Plaque cellularity was signi�icantly decreased in MIC1-/- chimeras (B), which was at least partly due to a decrease 
in plaque macrophages (C, representative pictures 200x magni�ication). *p<0.05, ***p<0.001, compared to 
littermate control. 

Figure 2: Effects of MIC-1 De�iciency on Plaque Stability. Advanced plaques (week 12) of MIC-1 de�icient chimeras 
displayed a more stable phenotype with increased collagen content (A, including representative pictures, 100x 
magni�ication), decreased necrotic core (C) and attenuated cellular apoptosis (B, including representative 
pictures, 200x magni�ication). *p<0.05, compared to littermate control.
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264.7 macrophages to recombinant MIC-1 stimulated S to G2 transition, as analysed by 
�low cytometry (13.1 ± 0.25 in controls vs. 20.7 ± 0.15 % in MIC-1 treated cells, p<0.001 
and 6.6 ± 0.12 in controls vs. 21.2 ± 0.21 % in MIC-1 treated , p<0.001 after 12 and 24 
hours respectively). This effect was completely TGFβRII dependent (20.7 ± 0.15 in MIC-
1 compared to 9.2 ± 0.12 % in α-TGFβRII treated cells, p<0.001 and 21.2 ± 0.21 in MIC-1 
and 3.7 ± 0.09 % in  α-TGFβRII treated cells, p<0.001 after 12 and 24 hours respectively; 
Figure 3A). Cell cycle transition was not accompanied by an enhanced proliferative 
capacity of MIC-1 stimulated macrophages (Figure 3C). Furthermore MIC-1 did not 
augment p53 induced apoptosis in macrophages (Figure 3D). MIC-1 stimulation for 36h 
or 5 days did not affect macrophage apoptosis, as assessed by TUNEL staining (Figure 
3E). TGFβRII blockade had a moderately stimulatory effect on macrophage apoptosis 
(5.97 ± 0.09 % in controls vs. 10.67 ± 0.23 % in α-TGFβRII treated macrophages, 
p<0.001; Figure 3F). Moreover MIC-1 was unable to augment p53 induced apoptosis, 
but interestingly slightly attenuated the induced apoptosis (49.17 ± 0.64 in p53 treated 
macrophages compared to 42.97 ± 1.16 % in p53/MIC-1 co-stimulated cells, p<0.001; 
Figure 3G). These �indings plead for a prominent role of MIC-1 in cell cycle homeostasis 
rather than in apoptosis as has been proposed recently20.

Figure 3: Cell cycle and apoptosis in MIC-1 treated macrophages. (A) Cell cycle analysis in RAW 264.7 
macrophages in control (white) and MIC-1 treated cells (grey) in combination with TGFβRII blockade (black) 
(B) Cellular proliferation as a percentage of control proliferation in response to MIC-1 (white) in combination 
with TGFβRII blockade (bar). CTP is used as a positive control (black). (C) Inhibition of cell proliferation by the 
p53 inducer 5-Fluorouracil (grey) in combination with MIC-1 (black) (D) Apoptosis induction in RAW 264.7 in 
control (white) MIC-1 treated cells (grey) and CTP treated cells (black), represented as TUNEL positive apoptotic 
cells. (E) Apoptosis induction after long term (5 day) exposure to control (white), MIC-1 (light grey), α-TGFβRII 
(intermediate grey), MIC-1 + α-TGFβRII (dark grey) and CTP (black).  (F) Apoptosis induction after long term 
(5 day) exposure to control (white), MIC-1 (light grey), inducer of p53 mediated apoptosis: 5-Fluorouracil 
(intermediate grey), MIC-1 + p53 (dark grey) and CTP (black). **p<0.01, ***p<0.001 compared to control, 
#p<0.001 compared to MIC-1, ###p<0.001 compared to p53, $p<0.01 compared to CTP.
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A second striking phenomenon was the reduced presence of macrophages 
in plaques of MIC-1-/- chimeras. Interestingly, circulating monocyte and peritoneal 
macrophage counts were also considerably reduced in MIC-1-/- chimeras (2.4 ± 0.3 % 
vs. 3.8 ± 0.5 in littermate controls; p=0.03, Figure 4A and 0.29 ± 0.04 vs. 0.56 ± 0.10 
x106 cells/ml in littermate controls, p=0.02, Figure 4B), while no effects were noticed 
on circulating T cell numbers (data not shown). Hematopoietic MIC-1-/- de�iciency did 
not alter macrophage phenotype (Table 2) as shown by FACS analysis for macrophage 
phenotype and activation markers including CD86 (classical activation, M1) and CD23 
and CD163 (alternative activation, M221, 22). 

Littermate MIC-1-/- p value
M2 Macrophages
CD23 52.7 ± 3.5 % 52.8 ± 5.1 % 0.98
CD163 51.3 ± 3.3 % 55.9 ± 4.4 % 0.42
M1 Macrophages
CD86 23.2 ± 5.5 % 22.2 ± 4.0 % 0.88

Table 2: Peritoneal M1/M2 Macrophage balance in littermate and MIC-1-/- mice. Values are expressed as Mean 
± SEM.

Figure 4: Monocytopenia in MIC1-/- chimeras. The number of circulating macrophages (A and B; representative 
FACS plots) and peritoneal monocytes (C) was signi�icantly decreased in the MIC-1 de�icient chimeras. Peritoneal 
monocytes were isolated by peritoneal lavage and differentiated by morphology on Sysmex cell differentiation 
apparatus. Macrophage activation however was moderately enhanced in MIC-1 de�icient chimeras (D). 
*p<0.05.

However, FACS analysis for the early macrophage activation marker CD69 
did reveal a signi�icant increase of CD69+ cells in the peritoneum, re�lective of an 
enhanced macrophage activation in MIC-1 de�icient chimeras (58.7 ± 4.05 % vs. 47.1 
± 3.16 in littermate controls; p=0.04, Figure 4C). To further on this we quanti�ied the 
expression of pro- and anti-in�lammatory mediators in macrophages from controls 
and MIC-1-/- chimeras. Peripheral blood mononuclear cells and peritoneal leukocytes 
were analyzed for mRNA expression of a range of -in�lammatory and/or chemotactic 
mediators. Interestingly MIC-1-/- leukocytes displayed an increased MCP-1 expression 
(Figure 5C/F), while that of its cognate receptor CCR2 was downregulated (Figure 4A/
D). The fractalkine receptor CX

3
CR1 was signi�icantly downregulated in MIC-1 de�icient 

leukocytes as well (Figure 5 B/E) as was the expression of pro-in�lammatory cytokine 
IFNγ (Figure 5C/E), whereas that of TGFβ was enhanced (Supplemental Figure 1). In 
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agreement with the latter, ex vivo stimulation of peritoneal macrophages with the TLR-
4 ligand lipopolysaccharide (LPS) gave a more pronounced induction of TGF-β release 
by MIC-1 de�icient than by WT macrophages (Supplemental Figure 1, page 126). 

As recently shown by Tsou et al. CCR2 is instrumental in monocyte egress from 
bone marrow23. Conceivably, the reduction of circulating monocyte numbers as well as 
that of CCR2 expression by circulating leukocytes may both re�lect a perturbed stromal 
monocyte release. Flow cytometric analysis of bone marrow cells however revealed a 
similar 40% decrease of stromal CCR2+ cell content in MIC-1-/- chimeras (5.4 ± 0.7 % vs. 
9.2 ± 1.8 in littermates ; p=0.04, Figure 6A), establishing that CCR2+ monocytes are not 
selectively retained in bone marrow of MIC-1-/- chimeric mice. Indeed, total CX3CR1+ 
monocyte numbers in bone marrow tended to be reduced as well (-25%, Figure 6B). 

Figure 5: Pro and anti-in�lammatory mediators in MIC1-/- macrophages. Relative mRNA expression of CCR2 
(A, C) and CX3CR1 (B, D), MCP-1 and IFNγ (C, E; littermate (white bars) and MIC-1-/- mice (black bars) in PBMC 
(A,B,C) and peritoneal macrophages (D,E,F). Values are expressed relative to GAPDH and HPRT expression. 
*p<0.05, **p<0.01.

Figure 6: Effects of MIC-1 on stromal monocyte subsets. The bone marrow of MIC -/- chimeras contained less 
CCR2 and CX3CR1 expressing cells. Moreover the percentage of CD11b+ Ly6C+ monocytes is decreased in bone 
marrow of MIC-1-/- recipients (C). Further analysis revealed that the Ly6Clow CCR2- CX3CR1high cell population was 
particularly affected (D) while the Ly6Chigh CCR2+ CX3CR1mid population remained largely unaltered (E). *p<0.05, 
**p<0.01

119

MIC-1 Affects Atherosclerotic Plaque Stability

Litterm ate MIC 1-/-0.00

0.05

0.10

0.15

*

CCR2

R
el

at
iv

e
ex

pr
es

si
on

Litterm ate MIC 1-/-0.000

0.005

0.010

0.015

*

CX3CR1

MC P-1 IFNγ
0.0000

0.0006

0.0012

0.0018

*

*

Litterm ate MIC 1-/-0.00

0.05

0.10

0.15

**

CCR2

R
el

at
iv

e
ex

pr
es

si
on

Litterm ate MIC 1-/-0.0000

0.0008

0.0016

0.0024

**

CX3CR1

MC P-1 IFNγ
0.000

0.008

0.016

0.024

0.032

**

A B C

D E F

Litterm ate MIC 1-/-0.0

2.5

5.0

7.5

10.0

12.5

*

%
C

C
R

2+
B

M
ce

lls

Litterm ate MIC 1-/-0.0

7.0

14.0

21.0

28.0

35.0

%
C

X3
C

R
1+

B
M

ce
lls

Litterm ate MIC 1-/-0.0

11.0

22.0

33.0

44.0

55.0

**

%
C

D
11

b+
Ly

6C
+

Litterm ate MIC 1-/-0.0

5.0

10.0

15.0

20.0

25.0

**

%
C

D
11

b+
Ly

6C
lo

w

C
C

R
2-

C
X3

C
R

1hi
gh

Litterm ate MIC 1-/-0.0

2.0

4.0

6.0

8.0

10.0

%
C

D
11

b+
Ly

6C
hi

gh

C
C

R
2+

C
X3

C
R

1m
id

A B

C D E



Recently two Ly6C+ monocyte subsets have been identi�ied with divergent chemotactic 
and phagocytotic properties24. The Ly6Chigh CCR2+ CX3CR1mid population preferentially 
accumulates in atherosclerotic plaques, while Ly6Clow CCR2- CX3CR1hi cell migration 
into plaques is a less frequent event.  The latter population readily differentiates into 
CD11c expressing phagocytes. In our study MIC-1 de�iciency appeared to affect the total 
Ly6C monocyte population in bone marrow (36.4 ± 1.6 % vs. 47.2 ± 2.7 in littermates; 
p=0.004, Figure 6C), albeit that this reduction was more pronounced for Ly6Clow 
CCR2- CX3CR1high than for Ly6C+CCR2+CX3CR1mid cells (13.3 ± 1.0 % vs. 19.6 ± 1.7 in 
littermates; p=0.006, Figure 6D). We did not observe any differences between the two 
subsets in the circulation nor in the peritoneal cavity. Collectively our data indicate that 
MIC-1 de�iciency unlikely affects atherogenesis by lowering the release of a particular 
monocyte subset from the bone marrow or by perturbing the balance between Ly6Clow 
phagocytes and Ly6Chigh pro-in�lammatory monocytes. 

Figure 7: Macrophage Migration response towards MIC-1. (A) Ex Vivo migration of WT peritoneal macrophages 
in response to MCP-1, MIC-1 or a combination of both. (B) Ex Vivo migration of C57Bl6 (white bars) and CCR2 
(black bars) de�icient peritoneal macrophages towards recombinant MIC-1 and MCP-1. *p<0.05, **p<0.01, 
***p<0.001, compared to control.

Altogether the intriguing notion emerges that the reduced accumulation of MIC-
1-/- monocytes in the plaque may be related to the observed effects on CCR2 chemokine 
receptor function. This is also compatible with our �inding that like CCR2, MIC-1 
de�iciency has a more profound impact on plaque initiation than on progression25. To 
validate this hypothesis we performed chemotaxis assays in order to elucidate effects of 
MIC-1 de�iciency on monocyte migration. To our surprise MIC-1 appeared to be equally 
effective in promoting peritoneal macrophage cell migration as MCP-1 (Figure 7A).  
Co-stimulation of peritoneal macrophages with MIC-1 and MCP-1 did not lead to an 
augmented response, pointing to convergent pathways (Figure 7A). To verify whether 
MIC-1 interferes with CCR2 signaling at a different level, chemotaxis assays were 
conducted for CCR2 de�icient macrophages. Migration towards MCP-1 was, as expected, 
largely blunted in CCR2 de�icient cells. Surprisingly MIC-1 was unable to induce CCR2-/- 
cell migration as well, whereas the migratory capacity of the chemotactic peptide fMLP 
was unaltered in CCR2-/- cells (Figure 7B). These �indings point to a direct interaction 
of MIC-1 with chemokine receptor CCR2 function. In a next step we measured LPS 
induced release of MCP-1 by MIC-1 de�icient vs. WT macrophages to evaluate whether 
CCR2 function was impaired as result of a negative feedback response to elevated MCP-
1 levels. While LPS treatment induced massive MCP-1 release in both WT and MIC-1 
de�icient macrophages, MCP-1 release by MIC-1 de�icient cells was essentially similar 
to that of WT cells, suggesting that CCR2 responsiveness rather than pericellular MCP-
1 release underlies the observed CCR2 dependent mobility in MIC-1-/- macrophages 
(Supplemental Figure 1).

Recombinant MIC-1 and TGFβ-1 both induced the expression of an established 
TGFβ responsive gene Plasminogen Activator Inhibitor-1 in RAW 264.7 macrophages 
(Figure 8A), indicating that MIC-1 displays a similar capacity to activate TGFβ receptor II 
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as TGFβ itself. The latter however only moderately increased induced MCP-1 expression, 
while MIC-1 did so robustly (Figure 8A). Moreover MIC-1 induced MCP-1 expression 
was prevented by co-incubation with a SMAD-3 inhibitor (Figure 8B). Furthermore 
while TGFβ receptor I blockade did not in�luence MCP-1 expression, blockade of TGFβ 
receptor II completely abrogated the MIC-1 induced MCP-1 production (Figure 8C). This 
indicates that MIC-1 induces MCP-1 expression by activating TGFβ signaling, via the 
common TGFβ receptor II in a TGFβ receptor I independent manner. In vitro migration 
with RAW 264.7 macrophages con�irmed that MIC-1, at least partially, signals via the 
TGFβ pathway as its response was completely abrogated by PI3 kinase, SMAD-3 and ERK 
inhibitors (Figure 8D). Ex vivo migration of WT macrophages towards MIC-1 and MCP-1 
revealed that MIC-1 dependent migration was not in�luenced by PI3 kinase inhibition, 
whereas SMAD-3 appeared the major downstream signaling partner for MIC-1(Figure 
8E). Furthermore MCP-1 induced migration showed similar regulation by SMAD-3 as 
MIC-1. 

Figure 8: Similar signaling pathways of MIC-1 and TGFβ. (A) Relative expression(to GAPDH and HPRT) of 
the TGFβ inducible gene PAI-1 and MCP-1 in control (white bars), TGFβ (grey bars) and MIC-1 (black bars) 
stimulated macrophages. MCP-1 expression by MIC-1 can be inhibited by a SMAD-3 inhibitor (dark grey bar, B) 
and TGFβRII blockade (light grey and white bar, C). (D) MIC-1 induced migration in RAW macrophages can be 
inhibited with a PI3 kinase (Ly294-002), SMAD3 (SIS3) and ERK (PD98059) inhibitor. Values are corrected for 
control (medium alone) migration. (E) Ex vivo migration of WT macrophages towards MIC-1 (whit bars) or MCP-
1 (black bars) was sharply reduced by SMAD3 inhibition (SIS3), whereas PI3K inhibition (Ly294-002) was not 
effective. Values are corrected for control (medium alone) migration. (F) Proposed signaling pathway of MIC-1 
in macrophages. *p<0.05, ***p<0.001.
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Collectively our data indicate that MIC-1 and TGFβ signaling in macrophages are inter-
related. It is conceivable that MIC-1 and TGFβ share mutual intracellular signaling 
participants. Our data also point to a negative feedback response of MIC-1 on TGFβ, as the 
absence of MIC-1 resulted in enhanced TGFβ production and release by macrophages. 
Overall we can conclude that MIC-1 bind and signals via  TGFβRII, thereby in�luencing not 
only cell cycle processes but also enhancing cellular mobility by regulating downstream 
signaling of CCR, likely by induction of Src Kinases like Hck or possibly by preventing its 
desensitization via G Protein Coupled Receptor Kinases (Figure 8F).

Discussion
Macrophage Inhibitory Cytokine-1 is a distant member of the TGFβ superfamily 6, 8, which 
is notorious for its pleiotropic mode of action. Also its contribution to cardiovascular 
disorders such as atherosclerosis is complex and poorly understood. MIC-1 was recently 
shown to be cardio-protective in mouse models for myocardial infarction and heart 
failure 16, 17, and circulating MIC-1 protected the heart from ischemic injury 17. Conversely, 
allelic MIC-1 mutations have been shown to associate with in�lammatory disorders 
such as severe, treatment resistant chronic rheumatoid arthritis26, while elevated MIC-
1 serum levels are an independent risk factor for acute coronary syndromes18, 19.

In this study we are the �irst to show that a de�iciency of MIC-1 in hematopoietic 
cells attenuates lesion initiation and improves atherosclerotic plaque stability in more 
advanced stages of disease development. We show that this is at least partly attributable 
to a modulation of the in�lammatory status and to CCR2 dependent monocyte in�lux 
into the plaque. The bene�icial effect of MIC-1 de�iciency contrasts with that of other 
TGFβ family members such as activin-A27 and TGFβ-1, where neutralization resulted in 
accelerated atherosclerosis and plaque destabilization with reduced collagen deposition 
and a more pro-in�lammatory phenotype28, 29.  Furthermore speci�ic disruption of 
TGFβRII signaling aggravated atherogenesis  and, again, shifted lesion composition 
towards a more unstable phenotype29, 30. Our studies show that despite the partially 
contrasting effects of TGFβ and MIC-1, the latter appeared to be a speci�ic trigger of 
CCR2 signaling, the effects of which can be largely prevented by blocking TGFβRII but 
not TGFβRI. In fact MIC-1 de�iciency was even seen to increase LPS induced TGFβ-1 
production by macrophages without noticeably altering macrophage polarization. 
This could at least partly explain the plaque stabiling effects of hematopoietic MIC-1 
de�iciency. 

Recently Schlittenhardt et al. showed that MIC-1 co-localizes with oxidized LDL 
in the atherosclerotic plaque and  contributes to the local oxidative stress and ensuing 
apoptosis31. In keeping with these �indings we now demonstrate that plaques from 
MIC-1-/- chimeras contain less in�lammatory cells and in particular less macrophages. 
The amount of collagen however was signi�icantly increased, which concurs with the 
signi�icantly lower rate of macrophage apoptosis in the plaque.  Reduced macrophage 
apoptosis may also underlie the smaller necrotic core size in MIC-1-/- chimeras. In this 
regard our data are in line with the notion that MIC-1 is an acute phase protein that 
acts in response to p53 dependent injury13. Furthermore p53 dependent apoptosis was 
recently identi�ied as major modulator of atherosclerotic plaque stability, in that p53 
deletion enhanced atherogenesis32, 33, while overexpression in cap cells of advanced 
atherosclerotic lesions induced plaque rupture32. Thus, our �indings clearly recapitulate 
the relevance of the p53/MIC-1 axis for plaque stability. Although pro-apoptotic activity 
of MIC-1 has been demonstrated in many studies, we were unable to establish any effects 
of MIC-1 on macrophage apoptosis. Nevertheless, we did observe a direct link between 
MIC-1 and S > G2 phase transition in macrophages, which was completely TGFβRII 
dependent. From these data we can conclude that, at least in macrophages, MIC-1 is 
mainly involved in cell cycle regulation rather than apoptosis. Plausibly, lack of MIC-1 
will then lead to cell cycle arrest and subsequent loss of cellular mobility. Collectively, 
MIC-1 appears to exert its pro-atherogenic effects mainly by TGFß signaling, suggesting 
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that MIC-1 may in fact act as an acute phase modi�ier of TGFß activity. 

In MIC-1-/- chimeras we did observe a decreased presence of macrophages with-
in the peritoneum and of monocytes in the circulation. Furthermore we show that MIC- 
1-/- macrophages express lower levels of CCR2 and CX3CR1, while the expression of MCP-
1 is increased, possibly due to a compensatory feedback effect. MIC-1-/- macrophages 
were seen to display both an impaired motility and a chemotactic response to MCP-1. 
Further study revealed that MIC-1 de�iciency is accompanied by reduced CCR2 function, 
but does not favor macrophage polarization toward either M1 or M2. Most likely the 
decreased CCR2 sensitivity involves SMAD-3 signaling via the common TGFβ receptor 
type II. Plaques in MIC-1-/- chimeric mice were typi�ied by increased collagen content. 
As stimulation of MIC de�icient macrophages with LPS led to more pronounced TGFβ 
production and as TGFβ favorably affects plaque stability28-30 by inducing vascular 
smooth cell proliferation20 and collagen deposition27,28, it is tempting to assume that 
MIC-1 de�iciency promotes collagen accumulation in a TGFß dependent manner. 

In conclusion, we are the �irst to demonstrate that leukocyte de�iciency of 
MIC-1 improves atherosclerotic plaque stability by impairing macrophage migration, 
inducing collagen deposition as a result of enhanced TGFβ-1 levels, and decreasing 
intimal apoptosis. In agreement we show that MIC-1-/- macrophages display a reduced 
migratory capacity, at least partly by impairing CCR2 function in a TGFß receptor 
dependent manner. Finally we identify a direct interaction of MIC-1 with TGFβRII 
signaling. Given also the rather exclusive expression of MIC-1 during acute phase 
responses and in�lammatory conditions, our data suggest that focal inhibition of MIC-1 
could be a particularly attractive approach to improve plaque stability by simultaneously 
quenching CCR2 activity, intimal apoptosis and inducing collagen deposition, which is 
not associated by the deleterious side effects observed with TGFβ therapy. Furthermore 
MIC-1 could be an appealing target for the treatment of restenosis as inhibition of MIC-1 
in�luences in�lammatory cell recruitment and prevents apoptosis, which are regarded 
as major culprits for this pathology.
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Supplemental Figure

Supplemental Figure 1: Relative TGFβ mRNA expression was increased in MIC-1-/- chimeras compared to 
littermates. Values are expressed relative to GAPDH and HPRT expression (A). Furthermore stimulation of MIC-
1 de�icient macrophages resulted in increased TGFβ (B), but not so much MCP-1 (C) production by these cells as 
assessed by ELISA. **p<0.01, ***p<0.001.
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