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Abstract

Macrophage accumulation is a critical step during development of chronic inflammation, initiating 

progression of many devastating diseases. Leukocyte-specific integrin αDβ2 (CD11d/CD18) is 

dramatically upregulated on macrophages at inflammatory sites. Previously we found that CD11d 

overexpression on cell surfaces inhibits in vitro cell migration due to excessive adhesion. Here we 

have investigated how inflammation-mediated CD11d upregulation contributes to macrophage 

retention at inflammatory sites during atherogenesis.

Atherosclerosis was evaluated in CD11d−/−/ApoE−/− mice after 16 weeks on a Western diet. 

CD11d deficiency led to a marked reduction in lipid deposition in aortas and isolated 

macrophages. Macrophage numbers in aortic sinuses of CD11d−/− mice were reduced without 

affecting their apoptosis and proliferation. Adoptive transfer of fluorescently-labeled wild-type 

and CD11d−/− monocytes into ApoE−/− mice demonstrated similar recruitment from circulation, 

but reduced accumulation of CD11d−/− macrophages within the aortas.

Furthermore, CD11d expression was significantly upregulated on macrophages in atherosclerotic 

lesions and M1 macrophages in vitro. Interestingly, expression of the related ligand-sharing 

integrin CD11b was not altered. This difference defines their distinct roles in the regulation of 

macrophage migration. CD11d-deficient M1 macrophages demonstrated improved migration in a 
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three-dimensional fibrin matrix and during resolution of peritoneal inflammation, while migration 

of CD11b−/− M1 macrophages was not affected.

These results prove the contribution of high densities of CD11d to macrophage arrest during 

atherogenesis. Since high expression of CD11d was detected in several inflammation-dependent 

diseases, we suggest that CD11d/CD18 upregulation on pro-inflammatory macrophages may 

represent a common mechanism for macrophage retention at inflammatory sites, thereby 

promoting chronic inflammation and disease development.

Keywords

Integrin αDβ2; CD11d/CD18; inflammation; atherosclerosis; M1 macrophages

Introduction

Low-grade chronic inflammation underlies the development of a variety of devastating 

diseases such as atherosclerosis, obesity, diabetes, arthritis and others (1–3). The 

development of chronic inflammation is characterized by excessive accumulation of 

macrophages at inflammatory sites(4). The recruitment and accumulation of monocytes/

macrophages at sites of inflammation depends on macrophage adhesive receptors. 

Prominent among the leukocyte adhesion receptors are the four members of the integrin β2 

subfamily: αLβ2 (CD11a/CD18, LFA-1), αMβ2 (CD11b/CD18, Mac-1), αxβ2 (CD11c/

CD18, p150, 95) and αDβ2 (CD11d/CD18). Surprisingly, in comparison to other β2 

integrins, there is limited information on the function of CD11d/CD18. There are only a few 

publications that demonstrate the effect of CD11d on the development of the inflammatory 

response, and these have been studied in models of spinal cord injury (5–7), lethal systemic 

infections (8) and malaria (9). However, the molecular mechanism of CD11d function is still 

not understood.

Ligand recognition, followed by specific intracellular signaling, is a critical step that 

determines integrin-mediated cellular responses. In a previous study, we found that CD11d/

CD18 is a multiligand receptor that shares many extracellular matrix ligands (10) with its 

well characterized subfamily member CD11b/CD18. However, CD11b and CD11d have a 

different distribution on different subsets of leukocytes.

Integrin CD11d/CD18 has been shown to have low to moderate expression on circulating 

leukocytes or on splenic red pulp macrophages, but significantly upregulates on 

inflammatory macrophages. Namely, the increased expression of CD11d was detected in 

human atherosclerotic lesions by immunostaining of aorta sections (11), on human 

macrophage foam cells differentiated in vitro by measuring mRNA levels on isolated cells 

(12) and in white adipose tissue during metabolic syndrome by detecting mRNA levels in rat 

and human samples (13).

Such expression patterns point to the potential role of this receptor in the development of 

chronic inflammation. In contrast, the CD11b level is moderate in atherosclerotic lesions or 

inflamed adipose tissue, but manifests at a high expression on activated neutrophils and 
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several subsets of resident macrophages. Clearly, this difference in the expression patterns 

reflects its distinct functions during inflammation.

Among many of the described functions, the contribution of β2 integrins to leukocyte 

migration is fundamental. It has been shown that adhesive receptors such as β2 integrins can 

promote or inhibit cell migration depending on the microenvironment. Mathematical models 

and experimental approaches imply that cell migration exhibits a bell-shaped response to 

cell-substratum adhesiveness, generating a maximum speed at the intermediate values of 

adhesive strength(14–16). Consequently, a very low cell-substratum adhesiveness cannot 

support cell migration, while a very high cell-substratum adhesiveness generates cell arrest 

and prevents cell migration. The adhesiveness depends upon the three elements including 

ligand concentration, integrin affinity and integrin density (14). The last is the most 

important in the inflamed extravascular space, which is rich with pro-inflammatory 

mediators that activate integrins, and with ligands deposited in the extracellular matrix 

during inflammation.

We have demonstrated that a moderate density of αMβ2- and αDβ2-transfected cells support 

migration, but high expression of any of either of these integrins significantly impedes cell 

motility (17,18). Therefore, the upregulation of CD11b and CD11d on specific subsets of 

inflammatory leukocytes suggests its potential contribution to cell arrest, revealing the 

importance of CD11b for regulation of neutrophil migration and CD11d for macrophage 

migration. Of note, αMβ2-mediated neutrophil arrest was recently demonstrated to be 

important during transendothelial migration (19).

The retention of macrophages at the inflammatory site is a critical step for the accumulation 

of macrophages and generation of pathophysiological outcomes, which are implicated in the 

release of pro-inflammatory mediators, new leukocyte recruitment and tissue damage. The 

importance of a mechanism of macrophage retention is an important subject that has a 

strong therapeutic potential.

We hypothesize that high expression of CD11d/CD18 on macrophages at the site of 

inflammation increases cell-substratum adhesiveness which causes macrophage retention 

and promotes the development of chronic inflammation. The present study is focused on 

testing this hypothesis using atherosclerosis as a pathophysiologically relevant model.

Materials and Method

Reagents and antibodies

Reagents were purchased from Sigma-Aldrich (St. Louis, MO). Recombinant human and 

mouse IFNγ, IL-13, MCP-1 and LPS were purchased from Invitrogen Corporation 

(Carlsbad, CA). Anti-human CD11d mAb (clone 240I) and anti-mouse CD11d mAb (clone 

205C) were generously provided by Eli Lilly Corporation (Indianapolis, IN). Polyclonal 

antibody against the CD11d I-domain was described previously (10). The antibody 

recognizes both human and mouse αD I-domains and has no cross-reactivity with 

recombinant human and mouse αM, αX and αL I-domains. The antibody was isolated from 

rabbit serum by affinity chromatography using αDI-domain-Sepharose. Anti-CD11d 
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antibodies were fluorescently labeled with Alexa 488 using a kit from Invitrogen 

Corporation. Mouse FITC-, APC- and PE- conjugated anti-CD11b mAb (clone M1/70), 

Ly6C and F4/80 mAbs were from eBioscience (San Diego, CA). The mAb 44a directed 

against the human αM integrin (CD11b) subunit was purified from the conditioned media of 

the hybridoma cell line obtained from American Type Culture Collection (ATCC, Manassas, 

VA) using protein A agarose (GE Healthcare, Piscataway, NJ). The expression of 

inflammatory cytokines in mouse blood was evaluated using Mouse Inflammation antibody 

array C1 (RayBiotech, Inc.) and ELISA Kits (Boster Ltd., Pleasanton, CA).

Animals and Diet

C57BL/6J mice were bought from Jackson laboratory (Bar Harbor, ME). Generation of 

CD11d-deficient mice (B6.129S7-Itgadtm1BII/J) was described before (20). The resulting 

chimeric animals were crossed to C57BL/6 mice, and then backcrossed to the same for 12 

generations. For our experiments, CD11d−/− mice were crossbred with ApoE−/− mice 

(strain- B6.129P2-Apoetm1Unc/J) to obtain littermate CD11d−/−/ApoE−/− mice and 

CD11d+/+/ApoE−/− mice were used as controls (define as ApoE−/− in the paper). 

Atherosclerosis was induced by feeding 4-week old CD11d−/−/ApoE−/− mice and ApoE−/− 

control with a Western diet containing 0.2% cholesterol and 42% fat (TD88137, Harlan 

Teklad) for 16 weeks. All procedures were performed according to animal protocols 

approved by the Cleveland Clinic and East Tennessee State University IACUC.

Atherosclerosis lesion analysis

After 16 weeks on a Western diet mice were sacrificed by pentobarbital overdose and 

perfused through the heart with 10 mL PBS. For aortic sinus analysis, serial cryosections of 

10-μm thickness were taken from the region of the proximal aorta through the aortic sinus 

and stained with Oil Red O and hematoxylin. For aortic tree analysis, the entire aorta was 

removed, from the heart, extending 5–10 mm after bifurcation of the iliac arteries and 

including the subclavian right and left common carotid arteries. It was then dissected free of 

fat and evaluated for lesion development by en face Oil Red O staining followed by 

morphometry of scanned images using Image-Pro Plus software. The levels of total 

cholesterol and triglycerides were evaluated using an ABBOTT Architect CI-8200 

instrument.

Aorta digestion and flow cytometry analysis

Aortas were isolated from ApoE−/− mice at 20 weeks of age after being fed a Western diet, 

and digested as described before (21). Briefly, aortas were digested with a mix of enzymes: 

collagenase type XI (125 U/ml), Hyaluronidase (60 U/ml), DNase I (60 U/ml) and 

collagenase type I (450 U/ml) at 37°C for 60 min. After digestion the samples were filtered 

through a 70μm mesh cell strainer. Isolated cells were preincubated with FC-block solution 

and subjected to multicolor flow cytometry. The samples were analyzed for expression of 

CD11d and CD11b on cells positive for the macrophage marker F4/80 using a LCRII flow 

cytometer (Becton Dickinson & Co., Mountain View, CA).

Flow cytometry analysis was also performed to assess the expression of CD11d, CD11b and 

scavenger receptors on monocyte-derived human macrophages, mouse peripheral blood 
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monocytes, mouse peritoneal macrophages and bone marrow-derived monocyte progenitors. 

Cells were harvested and pre-incubated with 4% normal goat serum for 30 min at 4°C, then 

2×106 cells were incubated with specific antibody for 30 min at 4°C. Non-conjugated 

antibodies required additional incubation with Alexa 488 (568 or 633)-donkey anti-mouse 

IgG (at a 1:2000 dilution) for 30 min at 4°C. Finally, the cells were washed and analyzed 

using a FACScan™ (Becton Dickinson).

Immunofluorescence staining of aortic sinuses

Cryosections (10 μm) of aortic sinus were warmed up to room temperature for 30 minutes 

prior to immunofluorescence staining. Tissue sections were fixed in ice-cold acetone for 10 

minutes followed by permeabilizing with 0.2% Tween-20 for 10 min to increase the signal 

of intracellular binding sites. Tissue sections were washed in PBS and incubated with 

SuperBlock (PBS) Blocking buffer (Thermo Scientific, Rockford, IL, USA) for 45 min to 

block nonspecific binding. Tissues were then incubated at 4°C overnight with the primary 

antibody (1:200 dilution of rat anti-mouse Mac3 or 1:500 dilution of rat anti-mouse Ly-6G). 

After washing several times with PBS, the sections were incubated with Alexa Fluor 488-

conjugated donkey anti-rat IgG (1:1000 dilution) for 1 hour at room temperature. The 

sections were subsequently washed and mounted with mounting media containing DAPI 

(Life Technologies Corporation, Grand Island, NY, USA) and sealed. The tissue sections 

were examined with an Olympus BX41 Microscope and fluorescence images were captured 

using the Optronics MagnaFire SP CCD camera (Olympus America Inc., Center Valley, PA, 

USA). The captured images were analyzed by using digital image analysis software 

(AxioVision 4.7.2; Carl Zeiss, Germany). Control sections without primary antibody were 

also performed at the same time.

Isolation of human monocytes

Human peripheral blood monocytes were isolated and purified from whole blood as 

described previously (22). Briefly, PBS-diluted blood was layered over a Ficoll-Paque 

density solution and centrifuged. The mononuclear cell layer was collected and 

contaminating platelets were removed by centrifugation through bovine calf serum (BCS) 

after overlaying the serum with the mononuclear cells. Monocytes were isolated from the 

platelet-free mononuclear cells by adherence to flasks precoated with BCS and containing 

DMEM and 10% BCS. The flasks were incubated for 2 h at 37°C in 10% CO2. Non-

adherent cells were removed by washing with DMEM. Adherent cells were detached with 

PBS containing 5 mM EDTA. The monocytes were collected, washed three times and 

incubated at 37°C in 10% CO2 for at least 2h before their use in experiments. The purity of 

the monocytes was ~90% which was confirmed for each experiment by flow cytometry 

analysis with anti-CD14 mAb. These studies complied with all relevant federal guidelines 

and institutional policies regarding the use of human subjects.

Generation of classically activated (M1) and alternatively activated (M2) mouse and human 
macrophages

Peritoneal macrophages from 8–12 week old mice (WT and CD11d−/−, n = 3 mice per 

group) were harvested by lavage of the peritoneal cavity with 5 ml of sterile PBS 3 days 

after intraperitoneal (IP) injection of 4% thioglycollate (TG; 0.5ml). The cells were washed 
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twice with PBS and resuspended in complete RPMI media. The cell suspension was 

transferred into 100mm petri dishes and incubated for 2h at 37°C in humidified air 

containing 5% CO2 atmosphere. Nonadherent cells were washed out with RPMI media, and 

the adherent macrophages were replenished with RPMI media. The macrophages were 

differentiated to M1 phenotype by treatment with recombinant mouse interferon-γ (IFN-γ) 

(100 U/ml, Thermo Fisher) for 4 days. Medium with IFN-γ was changed every 2 days or as 

required. The M1 phenotype macrophages from WT and CD11d−/− were labeled with red 

fluorescent marker PKH26 and green fluorescent marker PKH67, respectively, according to 

the manufacturer’s instructions (Sigma-Aldrich). The fluorescently-labeled cells were 

dissociated from the plates using 5mM EDTA in PBS and used for the experiments 

thereafter.

Isolated human monocytes were plated in 6-well plates for 5 days in the presence of IFNγ 
(100 U/ml) to generate an M1 phenotype or with IL-4 (2nM) to generate an M2 phenotype 

as described before (23). After incubations cells were collected using PBS supplemented 

with 5 mM EDTA for further experiments.

Adoptive transfer of wild type and CD11d−/− monocytes to the ApoE-deficient mice

Monocyte progenitors, which are an established source for the adoptive transfer 

experiments, were isolated as described previously (24). Briefly, bone marrow cells were 

aspirated from mice femurs. Red cells were lysed by cold water. T cells and B cells were 

removed by negative magnetic cell sorting using anti-CD90 and anti-CD45R 

immunomagnetic beads (Miltenyi Biotec). Isolated cells were tested by flow cytometry. Cell 

purity was evaluated using antibody against CD11b and reached about 90%. The expression 

of CD11d corresponded to CD11d density on blood monocytes (Suppl. Fig. 1).

Isolated wild type monocyte progenitors were labeled with a near-infrared fluorescent dye 

VivoTrack 680 (PerkinElmer) and CD11d-deficient monocytes were labeled with another 

near-infrared fluorescent dye, DiR (1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindotri-

carbocyanine Iodide) (PerkinElmer). VivoTrack 680 (e×675/em720) and DiR (e×745/

em800) fluorescent dyes are not overlapping and can be detected simultaneously in the 

tissue. For the labeling, 100μg ViVoTrack 680 was dissolved in 600μl of PBS and mixed 

with 30×106 cells resuspended in 1 ml of PBS for 15 min incubation at room temperature. 

DiR was dissolved in DMSO (2.5 mM) and added to 30×106 cells for 10 μM final 

concentration. Cells were incubated with DiR solution for 30 min at 37°C. After labeling 

cells were washed 3 times in PBS supplemented with 1% FBS. After final washing, cells 

were resuspended in Hanks′ balanced salt solution and counted.

An equal amount of labeled wild type and Cd11d−/− cells were mixed and 2.5×106 cells per 

group were injected in the tail vein of recipient ApoE−/− mice that had been fed a Western 

diet for 20 weeks and thus had significant atherosclerosis. Mice were sacrificed after 3 days, 

aortas and other organs isolated and analyzed using an IVIC Spectrum CT Imaging system 

(PerkinElmer). The intensity of fluorescent signals was normalized to the number of 

fluorescently labeled cells incubated in vitro during the experiment.
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Adoptive transfer in the resolution of peritoneal inflammation

Fluorescently-labeled WT (red PKH26 dye) and CD11d−/− or CD11b−/− (green PKH67 dye) 

M1-activated macrophages were mixed in a 1:1 ratio and further injected intraperitoneally 

into wildtype mice with no inflammation or 4 days after TG induced inflammation. The 

equal ratio of red and green macrophages before the injection was verified by sample 

cytospin preparation followed by fluorescence microscope analysis (EVOS, Thermo Fisher 

Scientific, Waltham, MA USA). 3 days later, peritoneal macrophages were harvested with 5 

ml PBS supplemented with 5 mM EDTA as described above. Peritoneal cells were cytospun 

and the percentages of red and green fluorescent macrophages were assessed by 

fluorescence microscopy using at least 9 fields of view per sample. The PKH26 and PKH67 

dyes were switched in one experiment to verify the effect of dye on cell migration. We did 

not detect any difference between two dyes. The quantification of the data was analyzed by 

using Image Analysis Software (EVOS, Thermo Fisher).

Monocyte emigration from the circulation during peritoneal inflammation

Fluorescently-labeled WT (red PKH26 dye) and CD11d−/− (green PKH67 dye) 5–10 ×106 

monocyte progenitors isolated as described above were injected into tail veins of C57BL/6 

recipient mice (n=3, each group). Blood samples (after time intervals 1hr, 24hr, 48hr and 

72hr) were collected and cytospun to further evaluate the percentage of red and green 

fluorescent cells under fluorescence microscope (EVOS, Thermo Fisher). The quantification 

of the data was analyzed by using Image Analysis Software (EVOS, Thermo Fisher). The 

equal ratio of red and green monocytes before the injection was verified by sample cytospin 

preparation followed by fluorescence microscope analysis.

Migration of macrophages in 3D fibrin gel

WT and CD11d−/− or WT and CD11b−/− peritoneal macrophages activated to M1 phenotype 

as described above were labeled with PKH26 red fluorescent dye and PKH67 green 

fluorescent dye, respectively. Cell migration assay was performed for 24 hours at 37°C in 

5% CO2 in a sterile condition. An equal number of WT and CD11d−/− macrophages was 

evaluated by cytospin of mixed cells before the experiment and at the starting point before 

migration. Labeled WT (1.5×106) and CD11d−/− (1.5×106) activated macrophages were 

plated on the membranes of transwell inserts with a pore size of 8 μm and 6.5 mm in 

diameter (Costar, Corning, NY) precoated with fibrinogen (Fg). Fibrin gel (100 μl/sample) 

was made by 0.75mg/ml Fg containing 1% FBS and 1% P/S and activated by 0.5 U/ml 

thrombin. 30 nM of MCP-1 was added on the top of the gel to initiate the migration. 

Migrating cells were detected by Leica Confocal microscope (Leica-TCS SP8) and the 

results were analyzed by IMARIS 8.0 software.

Foam cell formation

For assessment of in vivo foam cell formation, CD11d−/−/ApoE−/− mice and ApoE−/− mice 

were fed the Western diet for 16 weeks following by IP injection with 1 ml of 4% 

thioglycollate. 72 hours later mice were sacrificed and cells from the peritoneal cavity were 

collected by lavage with 5 ml of cold PBS. Cells were plated on glass cover slips and non-

adherent cells were washed out after 2 hours, which further selected for macrophages. Foam 
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cell formation was evaluated by Oil Red O staining. The intensity of staining was quantified 

using computer-assisted image analysis software Image-Pro Plus (Media Cybernetics, 

Bethesda, MD).

Apoptosis and proliferation

Wild type and CD11d−/− peritoneal macrophages were isolated at 96 hours after IP injection 

of 4% thioglycollate and plated in 96-well or 6-well plates. After 2 hours, non-adherent cells 

were washed out. Cells were incubated in RPMI-1640 media, supplemented with 10% FBS 

and 1% pen/strep. Macrophage apoptosis was assessed after 24 hours incubation in media 

and after an additional 18 hours incubation in the presence of 15 μg/ml OxLDL using the 

Annexin V assay (Invitrogen). The assay detected the earliest events in apoptosis — the 

externalization of phosphatidylserine, which was assessed by binding of fluorescently 

labeled Annexin V. Late apoptosis was evaluated by cell staining with propidium iodide. 

Macrophage proliferation was evaluated after 5 days of culture in the presence of 50 μg/ml 

OxLDL or 60 ng/ml GM-CSF using CyQUANT® Direct proliferation assay kit (Invitrogen).

Quantitative RT-PCR

Cellular mRNA was extracted from macrophages using the Qiagen Oligotex mRNA Midi 

Kit. mRNA was reverse transcribed with the iScript cDNA Synthesis Kit (Bio-Rad 

Laboratories, Inc., Hercules, CA) and real-time quantitative PCR was performed using 

SYBR Green Supermix (Bio-Rad) on an MyIQ2 two color real-time PCR detection system 

(Bio-Rad), with the thermal cycler conditions suggested by the manufacturer. The sequences 

of the CD11d primers were: sense 5′-GGAACCGAATCAAGGTCAAGTA-3′ and antisense 

5′-ATCCATTGAGAGAGCTGAGCTG-3′. The sequences of the CD11b primers were: 

sense 5′-AAACCACAGTCCCGCAGAGA-3′ and antisense 5′-

CGTGTTCACCAGCTGGCTTA-3′. GAPDH or 5S rRNA were used as an internal control 

(Ambion/Life Technologies, Grand Island, NY).

Statistical analysis

Statistical analyses were performed using Student’s t-test or Student’s paired t-tests where 

indicated in the text using SigmaPlot 13. A value of p<0.05 was considered significant.

Results

1. Integrin CD11d deficiency reduces the development of atherosclerosis

CD11d−/−/ApoE−/− and littermate CD11d+/+/ApoE−/− male mice were placed on a Western 

diet for 16 weeks to evaluate the potential role of CD11d in atherogenesis. The en face 
analysis of the total aorta area by Oil Red O staining revealed a 53% decrease in lesion area 

in CD11d−/−/ApoE−/− mice (p<0.001) (Fig. 1A). The total lesion area across sections of the 

aortic sinus was also assessed and found to be decreased by 35% (p=0.014) (Fig. 1B). 

Plasma lipid analysis demonstrated a slight decrease in the level of total cholesterol (22%, 

p=0.035) and low density lipoproteins (24%, p=0.015) and non-significant changes in the 

levels of triglycerides and high density lipoproteins in CD11d−/−/ApoE−/− mice 

(Supplemental Fig. II-A). Foam cell formation was evaluated using thioglycollate–induced 
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peritoneal macrophages isolated from CD11d−/−/ApoE−/− mice and showed ~3-fold less 

lipid accumulation (p<0.01) compare to CD11d+/+/ApoE−/− control (Fig. 1C).

These data establish integrin CD11d as a pro-atherogenic receptor and raise a question 

regarding the mechanisms of CD11d function. We tested several potential mechanisms.

2. The reduced expression of CD36 mediates decreased foam cell formation

Since CD11d deficiency led to diminished oxidized lipid uptake, we tested the expression of 

major scavenger receptors in CD11d−/−/ApoE−/− macrophages. Flow cytometry analysis of 

isolated peritoneal macrophages revealed 3-fold reduced expression of CD36 in CD11d-

deficient macrophages, while the levels of SRA1 and LOX remained the same (Fig. 1D). 

Therefore, the decreased expression of CD36 is involved in the diminished foam cell 

formation in CD11d−/−/ApoE−/− mice. However, in this study our major intent was to seek 

the common mechanism that may lay at the base of CD11d function in different chronic 

inflammatory diseases. The mechanism of CD11d-mediated foam cell formation is a 

separate project that is currently in progress.

3. CD11d deficiency attenuates the expression of several pro-inflammatory cytokines in 
mice

Modulation of cytokine balance during inflammation is a powerful regulator of the 

inflammatory response. To evaluate the potential contribution of CD11d to the production of 

pro-inflammatory cytokines and chemokines, we compared plasma samples isolated from 

CD11d−/−/ApoE−/− and CD11d+/+/ApoE−/− mice after 16 weeks of Western diet. The pooled 

plasma samples from 5 mice per group were evaluated using a Mouse Inflammation 

antibody array (RayBiotech, Inc.) (Fig. 2A). We focused only on the results that represent at 

least a two-fold change between cytokine/chemokine production in ApoE−/− and CD11d−/−/

ApoE−/− mice. While only IL-13 expression demonstrated 2-fold upregulation in CD11d−/−/

ApoE−/− mice, the concentrations of five cytokines, IL-6, IL-12, Fas ligand, Fractalkine and 

MIP-1, were decreased more than 2-fold in the CD11d−/−/ApoE−/− samples (Fig. 2B). To 

verify these results we tested the level of four cytokines, IL-6, IL-12, Fas ligand and MIP-1α 
using ELISA Kits (Boster Ltd., Pleasanton, CA) (Fig. 2C). Our data detected statistically 

significant downregulation of all tested cytokines in CD11d−/−/ApoE−/− and demonstrated a 

strong correlation between two assays. It has been shown that these cytokines are involved in 

the development of atherosclerosis, therefore their reduced expression indicates a potential 

mechanisms of CD11d in atherogenesis. On the other hand, upregulation of IL-13 in 

CD11d−/−/ApoE−/− mice may have atheroprotective functions (25). We used these results as 

a lead for our further study.

4. CD11d deficiency reduced neutrophil accumulation in the atherosclerotic lesions

We found reduced expression of MIP-1α (CCL3) in the blood of CD11d−/−/ApoE−/− mice. 

MIP-1α is produced by macrophages and is responsible for the recruitment and activation of 

polymorphonuclear leukocytes during inflammation. Recent data demonstrate the role of 

neutrophils in atherosclerotic lesion formation (26). Particularly, it has been shown that 

leukocyte-specific MIP-1α deficiency inhibits atherosclerotic lesion development by 

affecting neutrophil accumulation. (27). Based on these observations, we tested neutrophil 
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accumulation in the atherosclerotic lesions of CD11d/ApoE double-deficient mice and found 

a reduced number of neutrophils in comparison with the CD11d+/+/ApoE−/− control. 

(Supplemental Fig. II-B). Therefore, CD11d participates in neutrophil accumulation, which 

apparently has an effect on atherogenesis.

5. Integrin CD11d is upregulated on M1 macrophages in vitro and in atherosclerotic lesions

Despite a detected role of CD11d in neutrophil accumulation, the role of CD11d in 

macrophage function seems to be more significant. This assumption is based on the critical 

role of macrophages in atherogenesis and on the dominant expression of CD11d on 

macrophages. Moreover, most of identified cytokines are expressed by macrophages and 

related to macrophage functions.

Various studies have highlighted IL-6 as an upstream inflammatory cytokine that plays an 

important role in the development of atherosclerosis (28). The high level of IL-6 found in 

such conditions has multiple functions, including activation of endothelial cells, increased 

coagulation, and promotion of lymphocyte proliferation and differentiation. Fractalkine is a 

chemokine which is involved in macrophage recruitment during inflammation (29). IL-12 

contributes to atherosclerosis by mediating the differentiation of naïve T cells into Th1 cells. 

It stimulates the production of IFNγ and TNFα from T cells and natural killer cells, and also 

reduces IL-4 mediated suppression of IFNγ (30). Therefore, IL-12 is involved in classical, 

pro-inflammatory activation of macrophages (M1). In contrast, IL-13, which is upregulated 

in CD11d−/−/ApoE−/− mice, is responsible for the alternative macrophage activation (31).

Taken together these data indicate a link between pro-inflammatory macrophages and 

CD11d. Accordingly, we tested the regulation of CD11d expression on M1 and M2 

macrophages and compared its expression with its related integrin CD11b. Peritoneal 

macrophages were incubated 3 days in the presence of 100 U/ml IFNγ (M1) or 2 nM IL-4 

(M2) and integrin expression was evaluated by q-PCR. Macrophage polarization was 

verified by q-PCR using markers for M1 (iNOS) and M2 (Arg1) subsets (Data not shown). 

CD11d was significantly upregulated on mouse peritoneal macrophages activated to the M1 

phenotype (Fig. 3A), while the density of CD11b remained relatively unchanged. To confirm 

this result, CD11d and CD11b expressions on M1 macrophages were verified by FACS (Fig. 

3B). To demonstrate similar pattern of expression for human CD11d, we also tested M1 and 

M2 activation of human monocyte-derived macrophages using 100 U/ml IFNγ and 2 nM 

IL-13. We found that the generation of the M1 phenotype significantly upregulated CD11d 

expression, while the M2 phenotype markedly decreased the CD11d level. In contrast, the 

expression of CD11b was not affected by macrophage polarization (Fig. 3C). These data 

clearly demonstrate the association of CD11d with pro-inflammatory M1 macrophages in 

both mice and humans.

Since CD11d expression is regulated by inflammation we tested how inflammation, and 

particularly atherosclerosis, modify CD11d expression on monocytes in circulation. For this 

purpose, we compare CD11d and CD11b expression on Ly6C positive monocytes in WT 

mice on normal diet and ApoE−/− mice after 16 weeks on western diet (Fig. 4A). Monocytes 

from ApoE-deficient mice are characterized by much stronger expression of Ly6C 

(Ly6Chigh), which corresponds to the profile of inflammatory monocytes. Chronic 
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inflammation increased percentage of both CD11d positive and CD11b positive monocytes 

in circulation. The density of CD11b on monocytes was not changed in ApoE−/− mice (Fig. 

4B) and the detected level of expression (461±42 MFI) was in the range of previously 

published data (11,23). The density of CD11d was increased 1.7 fold (Mean fluorescence 

32.2±1 (WT) versus 57.6±8, P=0.11) that markedly lower than CD11d expression on 

macrophages.

The progression of chronic inflammation depends on excessive accumulation of M1 

macrophages in the subendothelial space during atherogenesis (32). We sought to test 

whether CD11d expression was elevated on macrophages in atherosclerotic lesions. Flow 

cytometry of digested mouse atherosclerotic aortas identified a high expression of CD11d on 

macrophages in the lesion and confirmed a moderate expression of CD11b (33) (Fig. 4C). 

Remarkably, this pattern of expression is specific to chronic inflammation, since the level of 

CD11d is similar or lower on other subsets of monocytes/macrophages compared to CD11b 
(Fig. 4D) (17). Therefore, CD11d is upregulated on M1 macrophages and within the site of 

inflammation, while CD11b expression is not regulated by macrophage activation and is 

expressed at moderate levels at inflammatory sites.

These data demonstrate a dramatic difference in CD11d expression on monocytes and 

macrophages during inflammation and suggest a potential regulatory role of CD11d in 

migration/accumulation of M1 macrophages in tissue.

6. CD11d deficiency reduced macrophage accumulation in atherosclerotic lesions and 
does not have effects on macrophage apoptosis or proliferation

The analysis of aorta sinuses with anti-macrophage Mac-3 antibody demonstrated an 

attenuated accumulation of macrophages in the atherosclerotic lesions of CD11d−/−/ApoE−/− 

mice that cannot be explained by reduced level of cholesterol in circulation or decreased 

foam cell formation and indicates a potential role of CD11d in macrophage migration (Fig. 

5A). However, the recent data demonstrate a significant role of apoptosis and proliferation 

on macrophage accumulations in the atherosclerotic lesions as well as on development of 

atherosclerosis. Our cytokine assay screening detected a reduced concentration of FAS 

ligand in CD11d−/−/ApoE−/− mice that indicates potential role of CD11d in apoptosis. The 

aorta root samples from ApoE−/− and CD11d−/−/ApoE−/− mice were stained with ApopTag 

peroxidase in Situ apoptosis kit (EMD Millipore), but demonstrated no difference between 

control and experimental groups (Fig. 5B). In addition, to test the effect of CD11d-

deficiency on macrophage apoptosis and proliferation, WT and CD11d−/− peritoneal 

macrophages were isolated and incubated with oxidized lipids and GM-CSF for 5 days. 

There was no effect of CD11d-deficiency on the macrophage number and survival using 

Annexin V apoptosis assay (Fig. 5C) and CyQuant direct proliferation assay (Fig. 5D).

Therefore, despite reduced concentration of Fas ligand we did not find changes in the 

apoptosis of CD11d−/−/ApoE−/− mice. These results are in agreement with published data 

that overexpression of Fas ligand during development of atherosclerosis increased lesion 

progression, but did not affect cell apoptosis. Rather, Fas ligand-mediated atherogenesis 

relates to increased lesion cellularity (34). Hence, CD11d-mediated macrophage 

accumulation most likely depends on the regulation of macrophage migration.
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7. CD11d regulates the accumulation of pro-inflammatory macrophages during 
inflammation

To clarify the contribution of integrin CD11d to the macrophage accumulation at the site of 

inflammation, we compared the migration of adoptively transferred wild type and CD11d-

deficient monocytes within ApoE−/− mice (Fig. 6A). Wild type monocytes were labeled with 

Vivotrack 680 dye (675/720 nm) and CD11d−/− monocytes were labeled with DIR (1,1′-

Dioctadecyl-3,3,3′,3′-Tetramethylindotri-carbocyanine Iodide) dye (745/800 nm) according 

to manufacturer instructions (both dyes are from PerkinElmer). Equal numbers of labeled 

WT monocytes and CD11d−/− monocytes were mixed and injected into the tail vein of 

ApoE-deficient mice, which were kept on a Western diet for 20 weeks. The input ratio, 

levels of labeling and overlapping of signal were assessed in vitro by plating monocytes in 

different concentrations in a 96-well plate. We also verified that the spectra of these two NIR 

dyes did not overlap after labeling (Fig. 6B).

After 72 hours, mice were euthanized and their aortas were isolated. The ApoE−/− mice 

without adoptive transfer were evaluated as a negative control. Aortas were examined using 

an IVIS Spectrum CT Imaging system (PerkinElmer) (Fig. 6C). The detected signals were 

adjusted to the cell number based on in vitro dilution (Fig. 6B), and accumulations of WT 

and CD11d−/− macrophages in the atherosclerotic lesions were compared. We detected 

variable accumulation of macrophages along individual aortas. Apparently, the total level of 

accumulation depends on lesion development (which varies from mouse to mouse). 

However, it is not critical for our experiments, since the same number of premixed WT and 

CD11d−/− monocytes in one syringe are injected into each particular mouse. We determined 

a ratio between WT and CD11d−/− macrophages in each individual experimental mouse. Our 

data demonstrated that the number of CD11d-deficient macrophages is reduced on average 

by 70% in comparison to WT macrophages (Fig. 6D). The analysis of blood samples 

revealed no fluorescence signal at 72 hours after adoptive transfer, which confirms that both 

groups of monocytes completely migrated from circulation to the tissue. Our results clearly 

demonstrate a contribution of CD11d to macrophage accumulation at the site of 

inflammation.

There are two potential mechanisms that can explain this effect: 1) decreased monocyte 

recruitment during inflammation or 2) decreased macrophage retention at the site of 

inflammation.

8. CD11d deficiency does not affect monocyte recruitment from circulation

Numerous publications have demonstrated that leukocyte transmigration from the blood 

stream to the subendothelial space is mediated by three integrins - α4β1 (CD49d/CD29), 

αLβ2 (CD11a/CD18) and αMβ2 (CD11b/CD18), (35–37). Based on the low expression of 

CD11d on monocytes its role in this process might be minimal, and moreover the analysis of 

blood samples of ApoE-deficient mice after monocyte adoptive transfer did not reveal 

differential recruitment of WT and CD11d−/− macrophages.

Nevertheless, we tested the effect of CD11d deficiency on emigration of monocytes from the 

circulation during inflammation using the model of peritoneal inflammation. Equal numbers 
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of WT and CD11d-deficient monocytes labeled with red PKH26 and green PKH67 

fluorescent dyes, correspondingly, were injected to the tail vein of mice at 1 hour after 

thioglycollate-induced peritoneal inflammation. Blood samples were taken at 1 h, 24 h, 48 h 

and 72 h. The numbers of labeled cells in blood stream were dramatically reduced after 24 

hours. We found only a few cells in circulation, mostly CD11d−/−, which corresponds to 

0.02% of the total number of injected cells (Data not shown). The PKH26 and PKH67 dyes 

were switched in one experiment to verify the effect of dye on cell migration. We did not 

detect any difference between two dyes. Therefore, we suggest that CD11d is not 

significantly involved in monocyte recruitment, but rather participates in macrophage 

retention at the site of inflammation. This hypothesis is supported by our previous 

observations that a high expression of CD11d/CD18 prevents cell motility (17).

9. CD11d deficiency enhances the migration of M1 macrophages in vitro and in vivo

To test this hypothesis, we evaluated the effect of CD11d deficiency on the migratory 

properties of M1-activated macrophages, since the expression of CD11d is upregulated 

during M1 macrophage maturation and the accumulation of pro-inflammatory macrophages 

leads to the development of chronic inflammation. As a control, we evaluated the effect of 

CD11b deficiency on M1 macrophage migration.

First, we tested the migration of M1 macrophages in vitro using 3D fibrin gel. Fibrin is a 

well characterized ligand for several integrins including CD11d and CD11b (10,38). For this 

purpose, WT and CD11d−/− macrophages were activated to M1 phenotype in vitro and 

labeled with red PKH24 (WT) and green PKH67 (CD11d−/−) fluorescent dyes, mixed 

together and coated on 3D fibrin gel. An equal number of WT and integrin-deficient- 

macrophages was evaluated by cytospin of mixed cells before the experiment and at the 

starting point before migration (Supplemental Fig. III). The migration was stimulated by a 

gradient of MCP-1 (Fig. 7). It has been shown that M1 activated macrophages have weak 

migratory abilities (39). In our experiments we also detected very slow migration of M1-

activated WT macrophages; however, the migration was significantly enhanced in CD11d-

deficient macrophages, demonstrating ~3-fold excess of migrating green CD11d−/− cells 

compared to red WT control (Fig. 7B, left panel). In contrast to this result, CD11b−/− 

macrophages (green cells; Fig. 7B, right panel) revealed 1.6 fold less migration (not-

statistically significant difference) to compare with WT control. To exclude the effect of a 

particular dye on cell motility we performed one experiment with WT macrophages labeled 

with PKH67 and CD11d−/− macrophages labeled with PKH24. We did not observe any 

differences among the experiments.

For another approach, we tested the efflux of M1 macrophages from the peritoneal cavity 

during the resolution of peritoneal inflammation. It has been shown that sterile peritoneal 

inflammation, mediated by thioglycollate, leads to macrophage accumulation in the 

peritoneal cavity. The resolution of inflammation that manifested in macrophage efflux from 

the peritoneal cavity started at day four after thioglycollate injection (40,41). An equal 

amount of labeled WT and CD11d−/− M1 macrophages, which were activated in vitro to M1 

phenotype, were mixed and injected into the inflamed peritoneal cavity of WT mice (Fig. 

8A). After 72 hours, the number of CD11d−/− macrophages in the peritoneal cavity was 6-

Aziz et al. Page 13

J Immunol. Author manuscript; available in PMC 2018 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fold less compared with WT control, which demonstrates increased emigration of CD11d−/− 

macrophages from the site of inflammation (Fig. 8B–D, left panels). The similar experiment 

performed with WT and CD11b−/− macrophages did not detect a significant difference (Fig. 

8B–D, right panels), which concurs with our in vitro migration assay results.

Apparently, the moderate expression of CD11b on M1 macrophages (Fig. 3) is not involved 

in macrophage retention. Therefore, in contrast to CD11b-knockout, CD11d-deficient 

macrophages have improved migratory properties in the model of resolution of peritoneal 

inflammation and in 3D fibrin gel in vitro. Taken together, these data demonstrate that 

integrin CD11d is a pro-atherogenic receptor that upregulates on M1 macrophages and is 

involved in the retention of pro-inflammatory macrophages in the atherosclerotic lesions.

Discussion

Integrin αDβ2 (CD11d/CD18) is the most recently discovered leukocyte integrin and there is 

limited understanding of its expression specificity and its functions during inflammation. 

CD11d has a unique expression pattern among integrins. Namely, CD11d has low (11) to 

moderate (47) density on leukocytes in circulation and resident macrophages, but is 

dramatically upregulated on macrophages at the inflammatory site (11,13), which suggests a 

specific role for this receptor during inflammation. Recent studies demonstrate the increased 

interest in the potential contribution of CD11d to the immune response. It has been shown 

that anti-CD11d antibody reduced the inflammation (5–7) and macrophage accumulation 

(42,43) after spinal cord injury and CD11d-deficiency has a protective effect during P. 
berghei malaria infection (9). In contrast, the survival of CD11d−/− mice after Salmonella 
typhimurium sepsis was reduced (8). Despite different outcomes, these results demonstrate 

that CD11d alters the systemic inflammatory response during acute inflammation. The goal 

of our study was to evaluate the contribution and understand the mechanism of CD11d 

function during the development of chronic inflammatory diseases focusing on the model of 

atherosclerosis.

Atherosclerosis is a chronic inflammatory disease, which is manifested in macrophage 

accumulation and oxidized lipid deposition at the inflamed vascular wall. In our project we 

found a decreased development of atherosclerosis and significantly reduced inflammatory 

component in CD11d−/−/ApoE−/− mice after 16 weeks on a Western diet. First, we found a 

significantly attenuated number of macrophages in the atherosclerotic lesions of these mice. 

Second, we defined that CD11d has a high expression on macrophages in atherosclerotic 

lesions of ApoE−/− mice and CD11d is upregulated during classical macrophage activation 

(M1 phenotype), which is associated with pro-inflammatory development. Third, we 

revealed that during adoptive transfer of WT and CD11d−/− monocytes to ApoE−/− mice, 

despite similar recruitment from the circulation, CD11d−/− macrophages demonstrate 

significantly reduced accumulation in atherosclerotic lesions. And fourth, we found that high 

expression of CD11d inhibits the migration of M1 macrophages in vitro in 3D fibrin gel and 

in vivo during macrophage emigration from the peritoneal cavity after sterile peritoneal 

inflammation. Taken together these data demonstrated the contribution of CD11d to the 

development of chronic inflammation via regulation of macrophage migration.
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In addition, we detected decreased foam cell formation and reduced expression of CD36 on 

CD11d−/− macrophages, (Fig. 1). These data showed the effect of CD11d on oxidized lipid 

uptake. However, in this paper, we focused on the CD11d-mediated regulation of 

macrophage migration, the mechanism that can be involved in the development of different 

chronic inflammatory diseases. CD11d-mediated foam cell formation and a detailed 

signaling pathway for CD36 expression is the subject of separate investigation, which is 

currently in progress.

The role of other β2 integrins in the development of atherosclerosis has been evaluated and 

demonstrated a complexity of integrin functions. Total β2 deficiency, which suppresses 

expression of αLβ2 (CD11a/CD18), αMβ2 (CD11b/CD18), αXβ2 (CD11c/CD18) and αDβ2 

(CD11d/CD18) integrins, had a protective effect (34% atherosclerotic lesion reduction) 

during early atherosclerosis; however, after 10 weeks on a western diet, β2 was involved in 

the progression of the disease (36%) (44). The detailed analysis of α subunits, which are 

associated with β2 integrin, revealed its different contribution to atherogenesis. CD11a has a 

proatherogenic effect, since injection of anti-CD11a monoclonal antibodies decreased by 

31% macrophage adherence and their emigration into the intima of hypercholesterolemic 

rats (45). CD11c also demonstrated a proatherogenic effect, but the outcome is mediated by 

increased expression of CD11c on blood monocytes during hypercholesterolemia, which 

promotes integrin α4β1-mediated firm adhesion to and transmigration via endothelium 

during monocyte recruitment to the atherosclerotic lesions (46). In contrast, CD11b 
deficiency on the LDLR−/− background had no effect on the development of atherosclerosis 

(47).

Taken together, these results demonstrate the diverse mechanisms and often opposite roles of 

different integrins during atherogenesis. So far, the major integrin contribution to the 

development of atherosclerosis was demonstrated to be the recruitment of leukocytes (48) 

and modification of oxidized lipid uptake (23,46,49). Yet, the effect of integrins on 

macrophage retention during atherogenesis or other chronic inflammatory diseases was not 

suggested or evaluated.

Our conclusion regarding the contribution of CD11d to the retention of macrophages is 

based on the significant upregulation of CD11d on M1 macrophages in vitro and on 

macrophages in atherosclerotic lesions. Notably, the increased transcript for CD11d was 

previously detected in white adipose tissue during severe obesity (13) and in the lung during 

malaria-associated acute respiratory distress syndrome (9). Interestingly, both phenotypes 

are characterized by increased macrophage accumulation at the inflammatory site (50,51). 

However, the authors did not draw parallels between CD11d high expression and 

macrophage accumulation.

A high expression of integrins on the cell surface promotes a specific outcome to cell 

motility. According to the prevailing hypothesis, optimal cell migration requires a moderate 

level of integrin expression on the cell surface, whereas high expression mediates strong 

adhesion and arrests migration (14,15). In our previous studies, we found that low to 

moderate density of either integrin CD11b or CD11d promoted cell migration, while high 

expression inhibited cell motility (17,18). In the current study, in vitro, we demonstrated that 
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migration of CD11d-deficient M1 macrophages through 3-D fibrin matrix is improved 

compared to WT control (Fig. 7). In vivo, we showed that M1 activated CD11d−/− 

macrophages exit from the peritoneal cavity faster than WT control during the resolution of 

peritoneal inflammation. The critical role of CD11d upregulation on M1 macrophages was 

demonstrated by the comparable analysis of CD11d−/− and CD11b−/− macrophages 

migration. CD11b and CD11d have a similar ligand binding properties (10), but different 

expression on M1 macrophages (Fig. 3). The analysis of in vivo and in vitro migration of 

CD11d−/− and CD11b−/− M1 macrophages reveals a dramatic difference in the motility of 

macrophages with a high or moderate levels of integrin expression that concurs with the 

model of cell migration (14,15) and our previous studies (17,18). Notably, it has been shown 

that natural emigration of macrophages from the peritoneal cavity is mediated by integrin 

α4β1 (41) or to some extent CD11b/CD18 (52). Since the acute peritoneal inflammation did 

not lead to the strong M1 and M2 activation of macrophages, we activated macrophages in 
vitro to the M1 phenotype and injected macrophages into the inflamed peritoneal cavity, 

creating an artificial model of resolution. CD11b is a well-recognized migratory receptor. 

However, apparently its contribution to migration is diminished in M1-activated 

macrophages, which is characterized by high expression of CD11d.

Most importantly, we detected diminished accumulation of fluorescently labeled adoptively 

transferred CD11d−/− macrophages, despite similar recruitment of WT and CD11d−/− 

monocytes from the circulation. We, and others, have demonstrated the expression of CD11d 

on leukocytes in circulation (23,53). VCAM-1 has been shown as a ligand for CD11d (54), 

that demonstrates a potential role of this integrin in monocyte adhesion to endothelium. 

However, the critical role of other integrins, such as CD11b/CD18, αLβ2 and α4β1 in the 

transmigration from bloodstream to subendothelial space has been well documented (55,56). 

Particularly, numerous experimental data demonstrated that α4β1 is a critical receptor for 

endothelial VCAM-1 during different inflammatory diseases including atherosclerosis (35–

37). In addition, our previous data demonstrated that CD11d - VCAM-1 interaction has 

relatively low affinity (10), which attenuates its potential role in leukocyte recruitment from 

the circulation. Most likely, in CD11d-deficient mice, the contribution of CD11d to 

monocyte adhesion to the endothelium is compensated by α4β1 function. In agreement with 

this conclusion, our data showed no difference in the emigration of fluorescently labeled WT 

and CD11d−/− monocytes from the circulation of ApoE−/− mice during atherogenesis and 

WT mice during peritonitis. Therefore, the reduced accumulation of CD11d−/− macrophages 

in atherosclerotic lesions as well as improved migration of CD11d−/− M1 macrophages in 
vitro and in vivo clearly indicates the contribution of CD11d to macrophage arrest and to 

their retention at the site of inflammation.

The activation of macrophages toward the M1 phenotype is considered to be a critical 

component of pro-inflammatory development, which results in tissue damage, secretion of 

inflammatory mediators and additional recruitment of inflammatory cells from circulation. 

The accumulation of M1-like macrophages was detected at the site of inflammation during 

the progression of many chronic inflammatory diseases including atherosclerosis, diabetes, 

obesity, macular degeneration and others (50,57–59). Since CD11d high expression was 

detected in inflammatory tissues in several pathophysiological conditions (9,11,12,13,53) we 

suggest that the upregulation of CD11d on M1 macrophages can be a common mechanism 
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that encourages retention of these pro-inflammatory macrophages at the site of 

inflammation, thereby promoting chronic inflammation and disease development. 

Consequently, the blocking of CD11d-mediated adhesion during atherogenesis or other 

inflammation-related pathologies is a new promising strategy for the resolution of chronic 

inflammation and the reversal of the progression of disease.
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Fig. 1. Integrin CD11d deficiency decreases the development of atherosclerosis and reduces 
macrophage foam cell formation in mice
CD11d−/−/ApoE−/− and ApoE−/− mice were fed a western diet for 16 weeks, then entire 
aortas (A) and aorta sinuses (B) and peritoneal macrophages (C) were isolated and stained 

with Oil Red O. Five slides were analyzed from each mouse. The staining was analyzed with 

Image-Pro Plus software. Statistical analysis was performed using Student’s t-test. (* 

P<0.01). D. Scavenger receptor expression was evaluated by flow cytometry on peritoneal 

macrophages isolated from CD11d−/−/ApoE−/− (white bars) and ApoE−/− (black bars) mice 

using anti-CD36, anti-SR-A1 and anti-LOX-1 antibodies. The data represent the mean + 

SEM from 3 mice of each group.
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Fig. 2. 
Inflammatory cytokine production in the plasma of CD11d−/−/ApoE−/− and ApoE−/− mice 

after 16 weeks on a western diet. A. The pooled plasma samples from five CD11d−/−/

ApoE−/− and five ApoE−/− mice were evaluated in duplicates using the Mouse Inflammation 

antibody array C1 (RayBiotech, Inc. Norcross, GA) following the manual. The membrane 

identification chart is shown in the Supplemental materials (Supplemental Table 1). B. The 

ratio of cytokine expressions ApoE−/− versus CD11d−/−/ApoE−/− was calculated and plotted. 

Cytokines that demonstrate no difference in the level of expression between two groups, 

such as I-TAC, sTNRFII, TIMP-1, TECK, Leptin, KC, LIX, TCA-3, IL-2, were not plotted 

to simplify presentation. C. The levels of expression of IL-12, IL-6, Mip-1α and FAS ligand 

were verified using ELISA Kits (Boster Ltd., Pleasanton, CA). The data represent the mean 

+ SEM from 6 mice of each group. Statistical analysis was performed using Student’s t-test.
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Fig. 3. Integrin CD11d is upregulated on M1 macrophages in vitro.
Mouse peritoneal macrophages, isolated after the intraperitoneal injection of 4% 

thioglycollate, were plated and stimulated with 100 U/ml IFNγ or 2 nM IL-4 for 3 days. 

After incubation integrin expression was evaluated by real-time quantitative PCR (A) and by 

FACS (B) (n=5). C. Human primary monocytes were stimulated with IFNγ (M1) or IL-13 

(M2) for 5 days and integrin expression was evaluated by FACS. Mean fluorescence values 

are plotted based on 5 independent experiments.
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Fig. 4. Expression of CD11d on monocytes in circulation and on macrophages in atherosclerotic 
lesions during the development of atherogenesis
A. Integrins CD11d and CD11b expression on monocytes in circulation of WT mice on 

normal diet and ApoE−/− mice 16 weeks on the western diet. The enriched fraction of blood 

monocytes was double stained with anti-Ly6C antibody (APC) and anti-CD11d (or anti-

CD11b) antibodies (FITC). B. Data were evaluated using FlowJo software. C. Integrins 

CD11d and CD11b expression in atherosclerotic lesions. Aortas of ApoE−/− mice were 

isolated, digested and subjected to multi-color FACS with macrophage marker mAb F4/80 

and integrin specific antibodies. Data are from a representative experiment of three with 
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similar results. D. CD11d and CD11b expression on murine circulating monocytes; 

thioglycollate-induced peritoneal, resident peritoneal and atheroma macrophages. Data were 

plotted as the mean ± SEM.
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Fig. 5. Macrophage accumulation, apoptosis and proliferation in the mouse aortic sinus
A. Macrophage staining in the aortic sinus from ApoE−/− and Apo−/−/CD11d−/− mice: Upper 

panel. Representative images of a cross section of the aortic sinus stained with Mac3 (40× 

magnification). The intima of vessel wall is surrounded by dash line. Lower panel, the graph 

represents the quantification of the surface area positive for Mac3. The data represent the 

mean + SEM of Mac3 positive areas in 6 sections of each group. *p<0.05. Integrin CD11d-

deficiency does not affect macrophage apoptosis (B, C) or proliferation (D). B. Apoptosis 

was evaluated on aorta sinuses isolated from ApoE−/− and CD11d−/−/ApoE−/− mice using 

ApopTag peroxidase in Situ apoptosis kit. C. Peritoneal macrophages were isolated from 

WT and CD11d−/− mice and incubated in vitro in different conditions. Macrophage 

apoptosis was assessed after 24 hours incubation on plates and an additional 18 hours 

incubation in the presence of 15 mg/ml OxLDL using Annexin V assay. D. Macrophage 

proliferation was evaluated after 5 days in culture in the presence of 50 mg/ml OxLDL or 60 

ng/ml GM-CSF using CyQUANT® Direct proliferation assay kit. Black bars – wild type 

macrophages, open bars – CD11d-deficient macrophages. Data were plotted as the mean ± 

SEM. Statistical analysis was performed using Student’s t-test.
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Fig. 6. Tracking the migration of adoptively transferred fluorescently-labeled monocytes to the 
atherosclerotic lesions of ApoE-deficient mice
A. WT and CD11d-deficient monocytes were labeled with VivoTrack680 and DIR near 

infrared fluorescent dyes, correspondingly. An equal number of labeled WT and CD11d−/− 

cells was injected into the same ApoE−/− mouse. After 72 hours aortas from donor mice 

were isolated and fluorescence was measured using IVIC Spectrum CT Imaging system. B. 

The intensity of fluorescent signals and potential overlapping of dyes were normalized to the 

number of fluorescently labeled cells incubated in vitro by plating labeled monocytes in 

different concentrations in a 96-well plate. C. Two control aortas (no fluorescent cells 

injected) and four experimental aortas were evaluated using IVIC Spectrum CT Imaging 

system. D. The calculated result is based on the ratio between WT and CD11d−/− 

macrophages in atherosclerotic aortas. Data were plotted as the mean ± SEM. Statistical 

analysis was performed using Student’s t-test.
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Fig. 7. CD11d-deficiency improves the migration of pro-inflammatory M1-activated 
macrophages in 3-D fibrin gels
Migration of fluorescently labeled WT and CD11d-deficient (or CD11b-deficient) M1 

macrophages in 3D fibrin toward an MCP-1 gradient (A, B). A. The example of 3-D view of 

migrated macrophages generated by collecting Z-stack images through fibrin matrix. B. Side 

view of generated 3-D images. WT and CD11d−/− peritoneal macrophages (B, left panel) or 

WT and CD11b−/− peritoneal macrophages (B, right panel) were activated in vitro for 3 days 

with IFNγ, labeled with PKH26 and PKH67 fluorescent dyes, respectively, and plated on 

3D polymerized fibrin in transwell inserts. Migration of macrophages was stimulated by 30 

nM MCP-1 added to the top of the gel. After 24 hours migrating cells were detected by a 

Leica Confocal microscope (Leica-TCS SP8) and the results were analyzed by IMARIS 8.0 

software (C). Statistical analyses were performed using Student’s paired t-tests (n=4 per 

group). Scale bar – 500 μM.
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Fig. 8. CD11d-deficiency improves the efflux of pro-inflammatory M1-activated macrophages 
from the peritoneal cavity
A. Peritoneal macrophages were isolated from WT and integrin-deficient mice at 3 days 

after injection of thioglycollate (TG) and labeled with PKH26 and PKH67 fluorescent dyes. 

Labeled WT and CD11d−/− or WT and CD11b−/− macrophages were mixed in a 1:1 ratio 

and further injected intraperitoneally into WT mice at 4 days after TG induced 

inflammation. The equal ratio of red and green macrophages before the injection was 

verified by sample cytospin preparation (B). 3 days later, peritoneal macrophages were 

harvested, cytospun and the percentages of red and green fluorescent macrophages were 

assessed by fluorescence microscopy using at least 9 fields of view per sample (n=6) (C). 

The quantification of the data was analyzed by using Image Analysis Software (EVOS, 

Thermo Fisher) (D). Statistical analysis was performed using Student’s paired t-tests.
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