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IgG may accelerate atherosclerosis via ligation of pro-
inflammatory Fcy receptors; however, IgM is unable
to ligate FcyR and is often considered vasculoprotec-
tive. IgM aggravates ischemia-reperfusion injury, and
solid-phase deposits of pure IgM, as seen with IgM-
secreting neoplasms, are well known clinically to
provoke vascular inflammation. We therefore exam-
ined the molecular mechanisms by which immuno-
globulins can aggravate vascular inflammation, such
as in atherosclerosis. We compared the ability of
fluid- and solid-phase immunoglobulins to activate
macrophages. Solid-phase immunoglobulins initiated
prothrombotic and proinflammatory functions in hu-
man macrophages, including NF-«kB p65 activation,
H,O, secretion, macrophage-induced apoptosis, and
tissue factor expression. Responses to solid-phase IgG
(but not to IgM) were blocked by neutralizing antibod-
ies to CD16 (FcyRIID), consistent with its known role.
Macrophages from mice deficient in macrophage
scavenger receptor A (SR-A; CD204) had absent IgM
binding and no activation by solid-phase IgM. RNA
interference-mediated knockdown of SR-A in human
macrophages suppressed activation by solid-phase
IgM. IgM binding to SR-A was demonstrated by both
co-immunoprecipitation studies and the binding of
fluorescently labeled IgM to SR-A-transfected cells.
Immunoglobulins on solid-phase particles around
macrophages were found in human plaques, in-
creased in ruptured plaques compared with stable
ones. These observations indicate that solid-phase
IgM and IgG can activate macrophages and destabilize
vulnerable plaques. Solid-phase IgM activates macro-

phages via a novel SR-A pathway. (4m J Pathol 2012,
181:347-361; bttp://dx.doi.org/10.1016/j.ajpath.2012.03.040)

The role of immunoglobulins in atherosclerosis can vary
with the context and stage of disease and with the iso-
type. In the case of IgM, we recently found that genetic
prevention of secretion of serum IgM increased athero-
sclerotic lesion size more than threefold in low-density
lipoprotein (LDL) receptor knockout mice mice, indicat-
ing that on balance IgM protects against early disease.’
Intriguingly, murine adoptive transfer experiments in-
dicate that that B2 lymphocytes, which produce adaptive
(somatically mutated, antigen-induced) 1gG antibodies,
promote atherosclerosis.? 1gG, if immobilized on target
cells by binding to surface antigens, can activate mac-
rophages to Kill the targets in one of the classic immu-
nology phenomena, antibody-dependent cellular cyto-
toxicity. This is a major mechanism of autoimmune tissue
damage in so-called type 2 hypersensitivity. It is well known
that the low-affinity IgG receptor CD16 (FCGR3, FcyRlll) is
selectively activated by more polymeric forms of IgG, such
as solid-phase IgG or heat-aggregated (weakly cross-
linked) 1gG in fluid phase, conferring specificity for 1gG
bound to particles, normally pathogens.® We and others
have shown that solid-phase IgG activates macrophages
via CD16 in antibody-dependent cellular cytotoxicity,®™®
and consistent with in vivo operation of this pathway,
CD16™/~ mice are protected from atherosclerosis on a low-
density lipoprotein receptor knockout mice background.®
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In contrast to the well-known homeostatic functions of
IgM,” there are rare but illustrative clinical syndromes in
which solid-phase deposits of pure IgM due to IgM-secret-
ing plasma cell neoplasia provoke vascular inflammation
characterized with a massive accumulation of CD68* mac-
rophages (eg, cryoglobulinemic nephritis).® The existence
of these diseases is proof of concept that solid-phase IgM in
vessel walls can trigger vascular inflammation in humans in
vivo. Similarly, in the mouse in vivo, IgM is known to amplify
vascular injury in several models of ischemia-reperfusion
injury, including in the coronary circulation, because of its
capacity to activate complement.°~'2 Thus, it is entirely
plausible that IgM, when in solid phase, plays a more patho-
genic role in atherosclerosis than previously thought, akin to
the accepted role of IgG.

Several protective mechanisms have been defined for
IgM."® Binder et al'® defined a role for IgM autoantibodies
specific for epitopes on oxidatively modified low-density
lipoproteins (oxLDLs). Notably, phosphorylcholine-reactive
IgM natural (germline-encoded) antibodies are found in se-
rum and atherosclerotic plaques and mediate antiathero-
genic functions, such as inhibition of macrophage uptake of
LDL cholesterol and foam cell formation.''® This finding is
corroborated by the atheroprotective effects of adoptive
transfer of the B1a-lymphocyte subset that generates these
antibodies'® and our finding that IgM ™/~ accelerates ath-
erosclerosis.” Because the IgG/CD16 pathway is already
defined, in this article, we examine whether molecular
mechanisms exist that would allow IgM to promote vascular
inflammation and destabilize atherosclerotic plaques. We
compared macrophage activation by IgG and IgM simply
added to the culture supernatant (fluid phase) with that
provoked by the same amounts of IgG and IgM pread-
sorbed to the tissue culture plastic (solid phase).

We found that, like IgG, solid-phase IgM activates
macrophage functions linked to plaque instability, includ-
ing H,O,-mediated killing of vascular smooth muscle
cells (VSMCs) and expression of tissue factor (TF)."”'®
Solid-phase IgM was a stronger activator than solid-
phase 1gG, which was unexpected given the amount of
data on IgG-mediated activation of leukocytes. Although
macrophage activation by IgG was CD16 dependent,
solid-phase IgM mediated macrophage activation by ap-
parently analogous, novel low-affinity interactions with
macrophage scavenger receptor A (SR-A; MSR1,
CD204)."® We found that there is an increase in immuno-
globulin deposition in the vicinity of the lipid cores of
coronary artery plaques in patients who had died of cor-
onary disease when compared with plagues from non-
cardiac deaths. The capacity of solid-phase IgM and IgG
to activate macrophages can therefore contribute signif-
icantly to the evolution of plaque rupture.

Materials and Methods

Reagents

Human IgM (The Binding Site, Birmingham, AL), human
IgG (Sandoglobin, Sandoz, Frimley, UK), and bovine se-
rum albumin (tissue culture grade; Sigma-Aldrich, Poole,

UK) were purchased sterile and endotoxin free (manu-
facturer’s assay) and diluted as required in sterile iso-
tonic PBS (Sigma-Aldrich). Catalase (bovine liver cata-
lase), pooled normal human serum, and C3-deficient
serum were tissue culture grade (sterile, endotoxin
tested) from Sigma-Aldrich. Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich) was phenol-red free to
minimize background fluorescence. Avidin—fluorescein
isothiocyanate (FITC) was from Sigma-Aldrich. Biotinyl-
ated albumin was from Abcam (Cambridge, UK). Biotin-
ylated Fab fragments of anti-human IgM were from Ab-
cam. The reactive oxygen species scavenger®®?'
N-acetyl-cysteine (Sigma-Aldrich) was dissolved in PBS
at 0.1M, filter sterilized, and diluted as indicated to cul-
tures. Uric acid (Sigma-Aldrich) was dissolved in PBS at
0.1M, filter sterilized, and diluted as indicated. Polyinos-
inic acid, polycytidylic acid, fucoidan allopurinol, dioctyl-
carbocyanine, N-acetyl-cysteine, and C3-deficient hu-
man serum were all from Sigma-Aldrich and were of the
highest available grade, usually tissue culture grade, and
were prepared aseptically, endotoxin tested, and filter
sterilized. LDL was from Calbiochem (Beeston, England).
Anti-CD16 (clones MEM-154 or LNK-16, which gave
equivalent results; both from Abcam) and anti-CD64
(clone 10.1; IDS, Newcastle, UK) were functionally vali-
dated® in azide-free preparations at 1 mg-mL~" and
diluted to 10 ug - mL~" final concentration and isotype
controlled with mouse with IgG, (MOPC31C; Sigma-Al-
drich) as previously detailed.??

Tissues and IHC

Tissues taken during autopsies of hospitalized patients
who had died of myocardial infarction (Ml) and causes
unrelated to cardiovascular disease (control) had con-
sent for use for research and UK Centre of Research
Ethical Campaign approval. Their morphologic descrip-
tion has been previously published.' Human atheroscle-
rotic plaques were formaldehyde fixed and paraffin em-
bedded, and sections were deparaffinized, trypsinized
for 20 minutes (IgM, 1gG), or microwaved for 20 minutes
(C4d, C3, C9, CD68) for antigen retrieval and then
stained with unlabeled polyclonal antisera to IgM, 1gG,
C4d, C3, and C9 (all from Dako, Ely, UK) using a high-
throughput robotic immunostainer (Menarini Diagnostics,
Wokingham, UK) and visualized nonbiotinylated second-
ary detection system (Menarini) using peroxidase/di-
aminobenzidine. Double staining used the same antigen
retrieval methods, where these were compatible, fol-
lowed by manual staining, respective biotinylated sec-
ondary antisera (Dako), and detection with avidin-biotin-
peroxidase (Dako) and Vector Red (Vector Laboratories,
Peterborough, UK), or avidin-biotin-alkaline phosphatase
(Dako) and Vector Blue (Vector Laboratories) as indi-
cated.

Immunostaining Quantification

We examined culprit lesions from fatal Ml cases, vulner-
able lesions from the same case, and stable plaques
from cases with a clear positive noncoronary cause of



death. Immunostaining strength is commonly assessed
on a discrete 1+ to 3+ scale that is suitable for nonpara-
metric analysis (eg, x° test) but not for parametric meth-
ods (eg, analysis of variance). We extended the scoring
concept to a 1- to 10-point continuous (nondiscrete) vi-
sual analog score scored by a masked observer. Each
plaque had IgM immunostaining intensity scored on a 0-
to 10-point continuous visual analog scale®® (visual ana-
log scales are robust in highly subjective estimates®®).
This procedure gave an IgM value for each donor.
Gaussian distribution was checked with a stem-and-leaf
plot. Then the arithmetic mean and SE were calculated
for each group of patients (n = 10 Ml cases, n = 16
non-MI controls) (significant difference, analysis of vari-
ance, P < 107°). There are two values for the M| patients:
the ruptured and vulnerable plagues having been evalu-
ated separately for each patient.

Computer-assisted image analysis was used to cor-
roborate the visual analog scale score data by published
methods.?* Standardized low-magnification images of
diaminobenzidine (brown)-stained sections [counter-
stained with hematoxylin (blue)] were captured as jpeg
files and exported into Imaged software version 1.44P
(NIH, Bethesda, MD). The following operations were per-
formed in Image J: RBG split, subtract red image from
blue image, select region of interest, calculate histogram,
and export data. We found that the RGB-split red image
contained most of the brown coloring but also contained
residual information from the blue-predominant hematox-
ylin dye and white areas. Subtracting the blue image
made the pixel intensity brown specific. White areas have
equal levels of red and blue, so they became zero. He-
matoxylin staining areas had more blue than red, so they
became negative on red-blue subtraction. The software
automatically identifies negative values (light intensity
cannot be <0) and redefines them as zero. Therefore,
white becomes black, blue becomes black, and only
red-brown becomes bright, which is then easily mea-
sured by intensity histograms. This gives an integral area
of brown pixels, and the pixel intensity (brownness) is
expressed as a semiquantitative measure of IgM density.
The grayscale version of this method is already widely
used to quantify Western blots. The IgM was quantified
for each patient and expressed as mean = SE for each
group of patients.

Treatment of Tissue Culture Immunoglobulins

Accepted methods were used to polymerize immuno-
globulins to reproducibly mimic immune complexes and
bind them to culture plastic to reproducibly mimic tissue
deposits. Serum samples were aseptically heat treated at
56°C for 30 minutes to destroy complement activity. Heat
aggregation to polymerize immunoglobulins followed ac-
cepted methods; at 62°C = 1°C (range) for 20 = 1 minute
(range), 96-well tissue culture plates (Nunclon surface;
Nunc, Rochester, NY) were evenly coated by incubation
with respective concentrations of antibody or control protein
in 50 uL of PBS overnight in a tissue culture incubator.
Coated plates were aseptically aspirated (with a disposable
tip micropipette) and stored dry at 4°C for up to 1 month.
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Co-Culture Cytotoxicity Assay

Most measurements of cell death were based on a
96-well plate assay that relies on release of a trapped
intracellular fluorescent dye on cell death as previously
described.®?®> HCMED1-E6 VSMCs were grown in
DMEM supplemented with 10% heat-treated fetal calf
serum (FCS) (Sigma-Aldrich), penicillin, and strepto-
mycin as before, trypsinized into suspension, washed
twice in PBS, and then incubated in calcein-acetoxym-
ethylester (Molecular Probes, Eugene, OR) in PBS ad-
justed to be both 1 ug/mL and 1 ug/10° cells in a tissue
culture incubator for 20 minutes. Cells were then pel-
leted, washed once in standard medium and twice in
PBS, counted, and added at 10* cells per well to a
96-well plate. Preliminary experiments indicated that
HCMED1-E6 VSMCs labeled under these conditions
showed a consistent linear relationship between cell
number and fluorescence between 10° and 10* cells
per well. Then U937 or human blood—derived macro-
phages were added at 10:1 U937 cells:VSMCs or 4:1
peripheral blood-derived macrophages:VSMCs. The
cells were co-cultured in medium under the indicated
conditions for 24 hours, the supernatant aspirated with
a multichannel pipette, and the plates read either with
a Tecan Spectrafluor Plus (Tecan, Reading, UK) or a
Biotek Synergy HT (Potton, Bedfordshire, UK) using
bottom optics, excitation (Ex) = 488 = 10 nm, emission
(Em) = 535 = 10 nm, manual gain = 95 (Tecan), or
automatic gain (Biotek), setting a high well (H12) con-
taining 2 x 10 cells as 80,000 AFU. On the Tecan
instrument, blank values were consistently approxi-
mately 1000 + approximately 100 AFU with control
readings consistently of 20,000 to 30,000 AFU. On the
Biotek instrument, blank values were 5000 to 9000 AFU
and control readings consistently 40,000 = 1000 AFU.
The Tecan instrument was used for most of the data
with U937 macrophages (in a cell line only facility) and
the Biotek for primary macrophages. Except where
indicated, VSMC survival was calculated from the re-
tained fluorescence:

well reading — blank
Control VSMCs reading — blank

% VSMC survival = X 100%

Flow Cytometry for Surface Binding

Cells were stained with annexin-V-FITC (Alexis; Enzo Life
Sciences, Exeter, UK) for 20 minutes in binding buffer
and counterstained with propidium iodide for 5 minutes.
The necrosis controls were freeze-thawed three times in a
—20°C freezer. For IgM binding studies, U937 cells were
incubated with heat-aggregated IgM at 1 mg/mL for 20
minutes, washed once, and incubated with anti-human
IgM and then with avidin-FITC. Cells were assessed un-
fixed using a Coulter EPICs XL flow cytometer (typically,
50,000 cells, FL-1 PMT voltage = 300; Beckman Coulter,
Brea, CA) and appropriate forward scatter and side scat-
ter gating excluded debris from the analysis.
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IgM Coating of Beads

Microbeads chemically matched to the tissue culture sur-
face (10-um polystyrene, catalog number 17136, Poly-
Sciences, Eppelheim, Germany) were passively coated
with IgM matched to the same density and same amount
of IgM as for the activation experiments, under coating
conditions matched to the well coating.

RNA Interference

Control (sc-37869) and SR-A-specific (sc-44116) RNA
duplexes were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA) and reconstituted in 330 ulL of
sterile RNAase free deionized water to make a 10 umol/L
solution. Of this, 1 uL was mixed with 9 uL of Genlantis
small-interfering RNA (siRNA) liposomes (AMS Biotech-
nology, Abingdon, UK) and left 20 minutes for complexes
to form and then added to 10° U937 cells in 1 mL of
DMEM without antibiotics or serum at 37°C for 8 hours
(duplex concentration = 10 nmol/L). Then the cells were
washed and added to the VSMC apoptosis assay, which
was otherwise performed as described.

Western Blotting

A Novex XCell Il (Invitrogen, Carlsbad, CA) minigel sys-
tem was used throughout. U937 cells were dissolved in
10% SDS, heated to 100°C for 10 minutes., and then
stored at —80°C. Proteins were separated by gel electro-
phoresis in 10% SDS, using precast 10% bis-Tris gels,
3-(N-morpholino)propanesulfonic acid buffer, and elec-
trotransferred to polyvinylidene difluoride. Membranes
were blocked with 4% nonfat milk protein in PBS 0.1%
Tween-20 for 30 minutes, then stained with 1:5000 goat
anti-CD204 (Abcam) for 24 hours at 4°C, developed with
1:5000 anti-goat peroxidase secondary (Dako), and visu-
alized with ECL-Plus (Amersham, Amersham, UK), semi-
logarithmic exposure series (0.5, 2, 4, and 8 minutes) to
Hyperfilm (Amersham) and X-O-Mat processor (Kodak,
Cambridge, UK), according to the manufacturer’s in-
structions. As a loading control, membranes were re-
probed using anti-B-actin (Abcam ab8226) at 1:50,000
dilution, developed with anti-mouse peroxidase 1:10,000
(Dako) and visualized as for SR-A.

IgM Bead Precipitation Analysis

IgM-coated or control beads were added to U937 in
24-well plates, incubated for 20 minutes at 37°C, then
harvested and dissolved in IP lysis buffer at 4°C for 20
minutes [composition: 10 mmol/L Tris-HCI, pH 7.6, 5
mmol/L EDTA, 50 mmol/L NaCl, 30 mmol/L sodium pyro-
phosphate, 50 mmol/L NaF, 100 umol/L Na;VO,, and 1%
Triton X-100; supplemented with protease inhibitors (5
mg/mL of aprotinin, 1 mmol/L pepstatin, 1 ug/mL of an-
tipain, 1 ng/mL of leupeptin, and 100 mmol/L phenyl-
methylsulfonyl fluoride)]. In the bead precipitation exper-
iments, the lysates were then centrifuged (13,000 X g, 5
minutes, Eppendorf 524 microfuge) and the pellets (ie,
polystyrene beads, attached IgM, and any other attached

proteins) collected and boiled in 10% SDS for 10 minutes.
The SDS lysates from polystyrene beads were then im-
munoblotted for SR-A as described.

Turbimetric Clotting Assay

We made a minor adaptation of a validated one-step
plasma recalcification time assay, using a 96-well plate to
maximize throughput. Monocytes were isolated and cul-
tured as described for 24 hours. After 24 hours, the
supernatant was removed, with the cells remaining ad-
herent to the base of the wells, and washed with PBS
twice to remove any culture medium and serum. Then
100 pL of autologous citrated plasma was added to the
wells and recalcified with 2 uL of 1.0M CaCl, to initiate
clotting. The plates are immediately placed in a spectro-
photometer (Synergy HT, Biotek) with internal thermo-
static control at 37°C. Clotting was assessed as turbidity
by measuring absorbance (A,s) every minute for 120
minutes.

Mouse Macrophages

To obtain bone marrow macrophages, mice were sacri-
ficed, and both the femur and tibia were dissected out
and flushed with PBS. Cells were then cultured in DMEM
supplemented with antibiotics, L-Glu, 10% fetal calf se-
rum, and 10% L929-conditioned medium (a source of
macrophage colony-stimulating factor) (10 flasks per
mouse). After 6 days, cells were harvested by scraping
and counted and identical numbers added to assays. To
obtain peritoneal exudate macrophages, mice were in-
jected i.p. with 2% w/v Biogel (BioRad, Hemel Hemp-
stead, UK) as previously described,?® and peritoneal ex-
udate cells were obtained by lavaging the peritoneal
cavity with cold PBS and 2 mmol/L EDTA after 4 days.
Cells were added to 24-well plate and washed gently in
warm medium after 45 minutes to remove residual Biogel.

IgM Binding

Macrophages were resuspended at 10° cells per 100 ulL
of PBS containing 20 ug - ml~" fluid-phase mouse IgM
(M3795 monoclonal IgM, Sigma-Aldrich) that had been
heat aggregated at 62°C for 20 minutes. After 20 minutes
at 37°C, cells were spun and resuspended in 1:200 anti-
mouse IgM-FITC (1140-2, Southern Biotech, Birming-
ham, AL). Cells were then washed once in 1 mL of PBS,
fixed in 1% paraformaldehyde, and read on a flow cy-
tometer (CyAN, Beckman-Coulter) within 60 minutes.

Griess Assay

Nitrite was measured by the Griess assay as previously
described.?” Solutions were made of 1% sulfanilamide
(Sigma-Aldrich) in 30% acetic acid and 1% napthyl-eth-
ylene-diamine (Sigma-Aldrich) in acetic acid. The two
solutions were then mixed immediately before use and
100 ulL of mix added to 100 ul culture supernatant. Ab-
sorbance was read to 540 nm after 10 minutes and com-



pared with a sodium nitrite (Sigma-Aldrich) calibration
curve in control (cell-free) culture medium.

H-0, Assay

Cells were incubated with 1 umol/L dihydrodichloro-fluo-
rescein-diacetate-chloromethylketone (DCFDA, H,O, re-
porter dye; Molecular Probes, Invitrogen) for 20 minutes
in PBS at 37°C. The cells were then added to a 96-well
plate, containing wells that had been precoated with
mouse 1 pg of IgM or bovine serum albumin (BSA). After
18 hours incubation, fluorescence was read on a multi-
plate fluorescence reader as described.

SR-A Transfection

SR-A green fluorescent protein (GFP) and control GFP
plasmids were a kind gift from Professor Siamon Gordon
(University of Oxford). HEK293 cells were grown under
standard cell culture conditions in 10% FCS DMEM and
detached by digestion with trypsin solution (59418C, Sig-
ma-Aldrich), creating a cell suspension. Cells were then
seeded at 10* cells per well on 8-well chambered cover-
slips (Nunc) or at 10° cells per well in 24-well plates
(Costar). A total of 1 g of plasmid was mixed with 1 uL
of Lipofectamine 2000 (Life Technologies, Renfrew, UK)
following manufacturer’s instructions, and the complexes
were then added to HEK cells in serum-free medium
following manufacturer’s instructions at 1 ug of plasmid/
10° cells. After 2 hours, serum was replaced, and after 24
hours, wells were directly imaged (coverslips) or were
harvested into suspension with cell dissociation medium
(Sigma-Aldrich) for flow cytometry.

Time Lapse Confocal Microscopy

A Zeiss LSM510Meta microscope (Carl Zeiss AG, Jena,
Germany) was used with a modification of a previous
setup.?®?° The microscope was time series enabled, was
set to a combination of fluorescein detection (Ex = 488
nm, Em = 535 = 20 nm, photomultiplier tube 800v) and
differential inference contrast optics (differential interfer-
ence contrast and fluorescence-equipped lenses, chan-
nel D), and had a live cell setup (Perspex head box,
37°C, 5% CO,, 100% humidity).

Flow Cytometry of SR-A-Transfected Cells

SR-A-GFP or control GFP-transfected HEK cells were
stained for flow cytometry in suspension using heat-ag-
gregated IgM at 1 mg-ml~" at 37°C for 20 minutes
followed by anti-human IgM allophycocyanin at 4°C for
20 minutes. IgM binding to cells were read using FL3 on
a Beckman Coulter CyAN flow cytometer and analyzed
using WinMDI. The FL1 channel was used to indicate
transfection efficiency, which was >90% for HEK cells.

Flow Cytometry of Human Plaques

Human autopsy aortic plaques were collected with con-
sent of the next of kin, positive ethical board review (UK
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Centre of Research Ethical Campaign), and Human Tis-
sue Authority registration. Plaques were stored at —80°C
until analysis. Plaque cores were subjected to fine needle
aspiration with a 2-mL syringe containing 2 mL of PBS and
a fine (orange) needle. Collected material was stained with
anti-human IgM-FITC (Abcam) or isotype for 20 minutes on
ice, washed twice in PBS, and then analyzed on a Dako
CyAN, using settings standard for macrophages but with a
lowered forward scatter threshold to capture smaller debris
fragments (based on the immunohistologic findings).

Results

Immunoglobulins Activate Macrophages More
Potently When in Solid Phase Than When in
Fluid Phase

We have previously shown that solid-phase IgG is more
potent than fluid-phase IgG for activation of macrophage-
mediated killing because of aggregation of the low-affin-
ity 1IgG Fc-receptor CD16 (FcyRlIll, FCGR3 gene).*?? We
first tested whether the distinction between solid-phase
and fluid-phase immunoglobulin also applied to IgM. As
an initial experiment, we compared the effect of solid-
phase and fluid-phase IgM and IgG on the ability to
activate macrophages to kill VSMCs, using a well char-
acterized model system (see Materials and Methods).
Solid-phase IgM provoked U937 cells (a monocytic cell
line) to kill VSMCs, but the same amount of IgM in solution
did not (Figure 1A). Solid-phase IgG also induced VSMC
death in a dose-dependent manner but less potently than
solid-phase IgM (Figure 1B). As a control, immunoglob-
ulin-free BSA had minimal effect (Figure 1C). Because
IgM is pentameric, the order of potency was calculated
on the basis of both moles and micrograms, but IgM was
more potent than IgG with either calculation (not shown).
Because VSMCs were selectively prelabeled with cal-
cein, this assay measures solely VSMC death. Culture of
macrophages alone on solid-phase IgM did not affect
their survival (not shown).

19G Activates Macrophages via CD16

We have previously shown that solid-phase IgG activates
macrophages via CD16, whether bound to target mes-
angial cells or to culture substrate.?®> We therefore ad-
dressed the receptor and effector mechanisms involved
in killing of VSMCs. Solid-phase, 1gG-stimulated, mac-
rophage-induced VSMC killing was prevented by antag-
onistic antibodies to CD16, the low-affinity IgG receptor,
but not by antagonistic antibodies to CD64, the high-
affinity IgG receptor (see Supplemental Figure S1 at
http://ajp.amjpathol.org). This finding is consistent with
our own previous data with IgG-stimulated killing and
assays of antibody-dependent cellular cytotoxicity and
with the wider literature.®**?* Macrophage-induced
VSMC killing was variably and incompletely inhibited by
neutralizing antibodies to CD32 (not shown).

We next studied the effector systems used by the
IgG-activated macrophages to kill VSMCs. IgG-stimu-
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Figure 1. Solid-phase IgM and IgG activate U937 cells to kill VSMCs. U937
cells were incubated with IgM, either in solution or adsorbed to the plastic,
and analyzed for cytotoxicity to VSMCs. A-C: VSMC survival in co-culture
with U937 cells with IgM (A), IgG (B), or BSA (CO), either solid phase or fluid
phase. Values are mean ® SEM of five experiments; *P < 0.05 by analysis of
variance for indicated comparisons. D: Ability of IgM to induce VSMC killing
in co-cultures is transferable via U937 cells preactivated by culturing on
solid-phase IgM. U937 cells were added to wells coated with IgM for 4 hours,
then transferred to IgM-free wells with VSMCs, and co-cultured for an addi-
tional 4 hours. NS, not significant. *P < 0.05 by analysis of variance for
indicated comparisons.

lated macrophage-induced VSMC death was unaffected
by inhibitory antibodies to Fas ligand (FasL) or tumor
necrosis factor (TNF)-« in concentrations that prevented
killing by culture-matured macrophages.®®®' Catalase,
which selectively degrades H,0,, prevented IgG-stim-
ulated macrophage-mediated killing of VSMCs (see
Supplemental Figure S2 at http://ajp.amjpathol.org).
Consistent with this, 1gG stimulated macrophages to
secrete H,O, (see Supplemental Figure S3 at http://
ajp.amjpathol.org).

Thus, solid-phase IgG activates macrophages via
CD16 to kill co-cultured VSMCs, akin to the antibody-
dependent cellular cytotoxicity-like activation that we
have previously described,*?? which is consistent with
CD16 as a low-affinity receptor for IgG. In contrast, we
were highly intrigued by the IgM data because activating
macrophages was not previously considered, and we
therefore focused our efforts on dissecting this novel
phenomenon.

IgM Activates Macrophages to Secrete H,0,

To test whether IgM evoked VSMC killing in co-cultures
by activating macrophages or by sensitizing VSMCs, we
then performed a transfer experiment. In this, co-cultures
on IgM-coated plastic were compared with U937 cells
that had been cultured on IgM-coated plastic and then
transferred to separate cultures of VSMCs. U937 cells
preincubated on IgM and then transferred to VSMCs on

plastic produced as much killing as those incubated di-
rectly with both VSMCs and IgM in the assay (Figure 1D).
Thus, VSMC death in the model was caused by IgM-
induced macrophage activation.

Precoating of tissue culture plastic with IgM also con-
sistently stimulated VSMC killing by fresh monocyte-de-
rived macrophages (Figure 2A). This was fully inhibited
by catalase and indeed reversed to a prosurvival effect,
indicating involvement of hydrogen peroxide (Figure 2A).
This also suggested, parenthetically, that IgM may initiate
macrophage-derived survival responses that are nor-
mally masked by the strong proapoptotic effects of H,O,,
but this was not a focus of the study. The concentration of
H,O, in supernatants of U937 cells cultured on IgM
reached >100 umol/L H,O, (Figure 2B), which was at the
top of the range at which VSMC killing was observed (10
to 100 wmol/L) (Figure 2C). The macrophage-activating
effect of solid-phase IgM was inhibited by catalase in a
concentration-dependent manner, with complete inhibi-
tion at 2000 IU - mL~" (Figure 2D). In contrast, catalyti-
cally inactivated catalase had no effect (not shown). Be-
cause hydrogen peroxide can provoke either necrosis or
apoptosis, we tested the mode of VSMC killing in our
model by annexin-V and propidium iodide (PI) staining. In
the first instance, we demonstrated that necrotic VSMCs
(induced by freeze/thaw) were PI positive but annexin-V
negative. Co-culturing macrophages with VSMCs on sol-
id-phase IgM induced strong specific binding of fluores-
cent annexin-V to VSMCs, unaccompanied by PI positiv-
ity, indicating apoptosis (Figure 2E). In contrast, IgM did
not induce annexin-V binding in cultures of VSMCs or
macrophages alone. Adding catalase to parallel co-cul-
tures on IgM prevented the development of annexin-V—
positive VSMCs (Figure 2F). We also prelabeled VSMCs
with the red fluorescent vital dye PKH26, added these to
co-culture, and then double-stained with annexin-V-
FITC. This indicated that the annexin-V—positive cells
were red fluorescent labeled, indicating that they entirely
derived from the prelabeled VSMCs (not shown). Thus,
solid-phase IgM stimulates macrophages to induce
VSMC apoptosis by releasing H,O,. The reactive oxygen
species scavenger N-acetyl-cysteine also suppressed
solid-phase IgM-stimulated macrophage-mediated Kill-
ing in a concentration-dependent manner that was max-
imal at 1 mmol/L (see Supplemental Figure S4A at http.//
ajp.amjpathol.org). In addition, sensitivity of the IgM-
activated killing to allopurinol, a specific inhibitor of the
xanthine oxidase pathway of H,O, secretion, indicated a
role of the xanthine oxidase pathway in generating free
radicals in this context (see Supplemental Figure S4B at
http.//ajp.amjpathol.org).

IgM in Solution Suppresses Macrophage oxLDL
Uptake

Because a mouse natural monoclonal antibody has been
shown to suppress macrophage oxLDL uptake and foam
cell formation,'® we repeated the experiment with whole
human IgM. As expected, we found that whole human
IgM in solution also suppressed foam cell formation (see
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Figure 2. IgM-activated macrophages induce
VSMC apoptosis via hydrogen peroxide. A: Hu-
man monocyte-derived macrophages were cul-
tured for 24 hours on wells coated with 1 ug of
IgM per well, after which VSMCs were added
and their survival measured after a further 24
hours. Catalase (2000 IU X mL™" of bovine liver
catalase) reversed the cytotoxic effect of IgM-
stimulated macrophages. B: U937 cells were in-
cubated for 24 hours in untreated wells or wells
with tissue culture plastic pretreated with 1gG
(100 ug per welD) or IgM (1 g per well), after
+ which H,O, was measured in supernatants by
Amplex Red/Peroxidase (Molecular Probes);
*P < 0.05 by analysis of variance, Bonferroni
adjusted with post hoc paired Student’s ttest. C:
VSMC viability, as measured by calcein release,
after incubation with varying concentrations of
H,O, for 24 hours. The superimposed lines
show that the concentration of H,O, measured
in the supernatant of U937 cells incubated with
solid-phase IgM (100 umol/L) induces 70% to
80% VSMC death. D: U937 cells and VSMCs were
coincubated for 24 hours in wells pretreated
with IgM (1 pg per well) with varying concen-
trations of catalase, after which VSMC viability
was assessed. Data in A-D are mean * SEM,
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T 1
103 104 *P < 0.05, Student’s ttest. E: Flow cytometric
scatter plots showing that freeze thawing pro-
duces PI-bright, annexin-V—dim cells (indicative
of necrosis). In contrast, co-culture of VSMCs
with macrophages on solid-phase IgM produces
annexin-V-bright, Pl-negative cells, indicating
apoptosis. The figure is representative of three
separate experiments. F: VSMC cultures were
incubated in the presence or absence of macro-
phages, IgM, and catalase and stained with an-
nexin-V or control. Catalase blocked the devel-
opment of the annexin-V positivity.
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Supplemental Figure S5 at http://ajp.amjpathol.org),
which is consistent with an atheroprotective role of IgM in
fluid phase.

Solid-Phase IgM Enhances Macrophage
Procoagulant Activity via TF

To address wider effects of IgM-mediated activation, we
next assessed macrophage prothrombotic function in re-
sponse to solid-phase IgM. We found that solid-phase
IgM, but not fluid-phase IgM, increased macrophage
procoagulant activity in a clot turbidity assay (Figure 3A).
Stimulation of procoagulant activity by solid-phase IgM
was associated with increased expression of TF mRNA
(Figure 3B) and TF surface protein, with approximately
25% of macrophages becoming TF positive (Figure 3C).

Solid-Phase IgM Activates Macrophages via
NF-kB
Contact with an IgM-coated surface activated NF-«B in

U937 cells, evidenced by nuclear translocation of p65
NF-«B (Figure 4A). Moreover, MG132, a widely used

v

Annexin-V

inhibitor of NF-«B, suppressed IgM-activated macro-
phage killing of VSMCs (Figure 4B), although it increased
killing stimulated by IgG (not shown). Further evidence
supporting activation of NF-«B by solid-phase IgM came
from inhibition of H,O, production by BAY11-7082, a
specific inhibitor of IKK2-mediated NF-«B activation®?
(Figure 4C).

Solid-Phase IgM Activates Macrophages
Independently of Complement and
Fc Receptor, Including CD16

We tested whether macrophage activation by IgM-
coated culture surfaces requires complement. Heat inac-
tivation or C3 deficiency of human serum in the culture
medium made no difference to induction of VSMC killing
by blood-derived macrophages cultured on IgM-pre-
coated plastic (see Supplemental Figure S6A at http.//
ajp.amjpathol.org). A similar analysis of FCS showed that
heat-inactivated and untreated FCS supported similar
levels of macrophage cytotoxicity (see Supplemental Fig-
ure S6B at http://ajp.amjpathol.org). Moreover, killing was
in fact increased in calcium-free PBS, excluding a signif-
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Figure 3. Solid-phase IgM but not IgM in solution activates human blood—
derived macrophages to express TF. Human blood—derived macrophages
were incubated with IgM, either in solution or adsorbed to the plastic, and
analyzed for procoagulant activity and TF expression. A: Solid-phase IgM,
but not fluid-phase IgM (10 ug X mL™"), stimulates human blood—derived
macrophage procoagulant activity, as measured using a clot turbidity assay.
B: Cells were incubated with solid-phase IgM, IgG, or BSA (equal masses) for
24 hours and analyzed for TF mRNA using quantitative PCR. The y axis shows
TF (f3, NCBI ceds: 53345.1) mRNA levels normalized to housekeeper (8-
actin). Data are mean * SEM; *P < 0.05 by analysis of variance; n = 5. C:
Cells were incubated with solid-phase IgM or fluid-phase IgM and analyzed
by flow cytometry for surface TF protein, representative of at least three
experiments using different donors.

icant role for macrophage-derived complement (see
Supplemental Figure S6C at http://ajp.amjpathol.org).
These data effectively exclude complement as an impor-
tant modulator of macrophage cytotoxicity in response to
solid-phase IgM in these experiments. Because macro-
phage activation by solid-phase IgG was prevented by
antagonistic anti-CD16 antibodies, we studied whether

the same was true of IgM. In contrast to IgG, neutralizing
antibodies to CD16 had no effect on macrophage cyto-
toxic activation by solid-phase IgM (see Supplemental
Figure S7 at http://ajp.amjpathol.org).

Enhanced Macrophage Activation by
Heat-Aggregated IgM

We hypothesized that macrophage activation by solid-
phase but not fluid-phase IgM may depend on an anal-
ogous low-affinity macrophage IgM receptor interaction
analogous to IgG/CD16 binding (ie, capable of engaging
polymeric but not monomeric IgM). We first examined
CD16 itself by repeating the experiment in Supplemental
Figure S1 for IgM. We found that antagonistic anti-CD16
antibodies have no inhibitory effect on IgM-induced mac-
rophage activation (see Supplemental Figure S7 at http.//
ajp.amjpathol.org) and obtained similar negative data with
anti-CD64 and anti-CD11b (not shown).

We therefore next sought to positively identify the
(probable) low-affinity macrophage receptor for IgM. It is
much more practicable to demonstrate binding of fluid-
phase ligands using current technology, and we there-
fore used a high concentration of aggregated IgM as an
experimentally tractable source of polymeric IgM. We
were able to demonstrate by flow cytometry that heat-
aggregated IgM, but not heat-aggregated BSA or mono-
meric IgM, bound to U937 cells in suspension (Figure
5A). Furthermore, heat-aggregated IgM further increased
macrophage-induced VSMC killing when in solid phase
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Figure 4. Solid-phase IgM activates macrophages via an NF-kB-dependent
pathway. A: Confocal micrographs. Red indicates nuclear dye TOPRO-3;
green, NF-kB p65 subunit immunofluorescence; and yellow, nuclear local-
ization of NF-kB (examples indicated by white arrows). B: NF-«B inhibitor
MG132 inhibits activation of macrophage killing of VSMCs by solid-phase IgM.
U937 macrophages were preincubated with MG132 (50 wmol/L) for 20 minutes,
washed in PBS, and then added to VSMC Kkilling assays as before. *P < 0.05,
Student’s £test. C: BAY11-7082 (1 wmol/L), a specific inhibitor of IKK2-mediated
NF-kB activation, was added to U937 macrophages at that start of incubation on
surfaces with solid-phase IgM or BSA. H,O, was measured by DCFDA fluores-
cence as before. *P < 0.05, Student’s £test.
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Figure 5. Solid-phase IgM binds and activates macrophages via SR-A. A: Fluid-phase IgM showed aggregation-dependent, temperature-dependent, selective
surface binding to U937 cells. It is difficult to directly measure binding of solid-phase IgM to a cell surface, so we used aggregated fluid-phase IgM at a high
concentration to probe binding to a suspected low-affinity receptor. Control or aggregated IgM in fluid phase (both at 1 mg - mL™") were incubated with U937
cells at 4°C or 37°C, after which binding was detected by flow cytometry using anti-IgM-FITC. (1) VSMCs incubated with aggregated BSA at 37°C; (2) VSMCs
incubated with aggregated IgM at 37°C; (3) U937 cells incubated with aggregated BSA at 37°C; (4) U937 cells incubated with aggregated IgM at 4°C; (5) U937 cells
incubated with monomeric IgM at 37°C; and (6) U937 cells incubated with aggregated IgM at 37°C. B: IgM surface-coated microbeads bind to SR-A in U937 cells.
Western blotting with antibodies to SR-A or B-actin. Lanes 1 and 2, U937 cells were incubated at 37°C with polystyrene beads coated with IgM or uncoated. Control
polystyrene microbeads pulled down a far smaller amount of SR-A (note, SR-A mediates adhesion to polystyrene). C: SR-A—GFP transfection confers IgM binding
in HEK cells as detected by FITC-labeled anti-human IgM (Abcam, 1:100). UTx, untransfected. The y axis shows the cell number and the x axis fluorescence
intensity. Histograms are colored as indicated. D: Recombinant purified Flag-tagged SR-A binds to IgM-coated plastic. The y axis shows binding of Flag-tagged
SR-A to surfaces coated as indicated with either IgM, IgG, or acrolein-modified BSA (positive control). Poly-I, Poly-C (negative control competitor), or fucoidan
was added at 500 pug - mL~ ! as indicated. NS, not significant; *P < .05, analysis of variance. E: SR-A—specific siRNA efficiently knocks down SR-A protein in U937
macrophages. Macrophages were treated for 18 hours with control or SR-A siRNA and protein lysate made in 10% SDS sample buffer. Control, nontargeting siRNA
(Santa Cruz). SR-A, siRNA specific to SR-A (Santa Cruz). Immunoblots were developed (see Materials and Methods) with bands at appropriate M, as indicated.
Actin, loading control. F: SR-A knockdown reverses activation of macrophage killing of VSMCs by solid-phase IgM. Macrophages were either untransfected U937
(U937-UT) or U937 cells transfected with either control-siRNA (U937-control-siRNA) or SR-A-specific siRNA (U937-SR-A-siRNA). The y axis shows VSMC survival,
as measured previously.

and evoked slight macrophage-induced VSMC killing in
fluid phase at high concentrations (1 mg-mL™") (see
Supplemental Figure S8A at http://ajp.amjpathol.org). We
then performed an experiment in which the addition of
IgM-coated beads was compared with IgM coating of the
tissue culture plastic and found that these also stimulated
macrophage reactive oxygen species secretion (see
Supplemental Figure S8B at http://ajp.amjpathol.org).

might have driven cooperativity between the SR-A and
IgM pathways. We hypothesized that macrophage acti-
vation by solid-phase IgM was mediated by SR-A. This
was first tested using fluid-phase competitor ligands,
which were reasoned to fill up receptor sites without
causing aggregation-dependent activation. Fucoidan
and polyinosinic acid (Poly-l), both macromolecular SR-A
ligands, suppressed IgM-stimulated macrophage-in-
duced VSMC death in a concentration-dependent man-
ner. Polycytidylic acid (Poly-C), a control devoid of SR-A

Role of Macroph R-A
ole of Macrophage S binding, actually reduced VSMC survival (see Supple-

Because both SR-A and IgM mediate clearance of oxi-
dized lipids, it was easy to imagine that ancient evolu-
tionary pressures to optimize clearance of oxidized lipids

mental Figure S9 at http.//ajp.amjpathol.org). In contrast,
IgG-stimulated macrophage-induced VSMC death was
unaffected by fucoidan (see Supplemental Figure S10 at
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http://ajp.amjpathol.org), which is consistent with its me-
diation by CD16 in Supplemental Figure S1 at http.//
ajp.amjpathol.org.

Supported by this pilot inhibition experiment, we per-
formed co-precipitation studies. IgM bound to polysty-
rene beads pulled down SR-A from live macrophages
when incubated at 37°C, indicating that SR-A binds to
solid-phase IgM in live cells (Figure 5B). Moreover, we
were able to demonstrate by flow cytometry that HEK
cells transfected with SR-A-GFP bound fluorescently la-
beled aggregated IgM, whereas control HEK cells trans-
fected with GFP did not (Figure 5C). Lastly, flag-tagged
recombinant SR-A bound to plates coated with IgM but
not to plates coated with 1gG, and this binding was com-
petitively inhibited by Poly-I and fucoidan but not by
Poly-C (Figure 5D).

To obtain more specific evidence that SR-A mediated
activation of macrophages by solid-phase IgM, we used
an siRNA approach. We found that SR-A-specific siRNA
suppressed SR-A protein level by >50% as assessed by
Western blotting (Figure 5E) and abolished the ability of
U937 macrophages to kill VSMCs in response to IgM
(Figure 5F).

We explored the effect of solid-phase IgM on SR-A
aggregation. We transfected HEK cells with GFP-tagged
SR-A or control GFP plasmid and then added polystyrene
beads. These beads aggregated most cellular SR-A, pro-
vided they were coated with IgM (Figure 6).

Lastly, to further substantiate our conclusion that SR-A
mediates IgM binding and macrophage activation, we
used SR-A~/~ mice. Data are shown for bone marrow—
derived macrophages (BMDMs) (Figure 7), although we
obtained similar results using peritoneal exudate macro-
phages (not shown). Fluid-phase heat-aggregated IgM
bound to the surface of wild-type (WT) macrophages, but
SR-A"/~ macrophages almost completely lacked IgM
binding (Figure 7A). Performing incubation with IgM at
4°C abolished binding to WT macrophages (not shown).
Solid-phase IgM induced NF-«B p65 nuclear transloca-
tion, secretion of NO-derived nitrite, and release of H,O,
in WT macrophages but not in SR-A~/~ macrophages
(Figure 7, B-D). Taken together, these data indicate that
solid-phase IgM activates human and mouse macro-
phage via SR-A aggregation and NF-«kB activation.

Vulnerable and Ruptured Plaques Are
Characterized by Increased Particulate
Solid-Phase IgM Around Macrophages
in the Lipid Core

We assessed the distribution of IgM, IgG, and macro-
phages in coronary atherosclerotic plaques from a con-
secutive autopsy series.® IgM was highly abundant in the
lipid cores of disrupted and vulnerable plaques from fatal
myocardial infarction cases but not in plagques from con-
trol autopsy cases (ie, noncardiac deaths) (Figure 8). The
excess IgM in ruptured plaques was specifically found in
the lipid core (Figure 8, A and B), where it was identified
coating solid-phase debris particles (Figure 8C), and was
intimately associated with CD68* macrophage foam
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Figure 6. Cellular SR-A is aggregated by solid-phase IgM. HEK cells were
transfected with plasmid for GFP or for GFP-tagged SR-A (gift, S. Gordon; see
Materials and Methods). After 24 hours, the transfected HEK cells were
imaged live in real time by confocal microscopy. A: SR-A-GFP-transfected
cells, IgM-coated bead. B: SR-A-GFP—transfected cells, control. C: GFP-
transfected cells. Arrow, aggregation of SR-A—GFP chimeric receptors at the
contact with the IgM-coated bead. Representative of 7 = 3 transfections. D:
GFP-transfected cells incubated with (and in contact with) IgM-coated beads.
E: Statistical evaluation of aggregation in line with methods published for
immunologic synapses. Data represent 100 cells from five transfections and
are mean * SE. The percentage of GFP fluorescence around (within 10 wm
of) the bead was calculated (y axis) for cells transfected with GFP or with
SR-A-GFP and incubated with IgM-coated beads as indicated. *P < 0.05,
analysis of variance.

cells (Figure 8D). IgM immunostaining was scanty at
other sites (Figure 8, A and B). The lipid core area of the
plague was consistently deficient in VSMC, a feature
consistent with macrophage-induced VSMC apoptosis
(not shown and widely described®* =), Plaques from
control autopsy cases had relatively weak staining for
IgM under the same conditions (Figure 8E). To test
whether plaque IgM was surface bound, lipid core debris
was recovered from advanced aortic plaques and sur-
face stained with anti-IgM for flow cytometry. We found
particulate debris in the plaque core, ranging from ap-
proximately 1 to 10 wm (not shown) and with significant
surface-bound IgM (Figure 8F). Thus, plagues contain
solid-phase immunoglobulins, indicating that the key
aspect of the in vitro models indeed reflects human
plaque cores. There was also IgG within plaques (Sup-
plemental Figure S11, A-H at http://ajp.amjpathol.org),
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also in a solid-phase (particulate) distribution in the lipid
necrotic core, as well as more diffuse staining consistent
with its smaller size.®

Finally, we systematically evaluated immunoglobulins
in ruptured lesions, distant unruptured coronary lesions
(“vulnerable lesions”) in patients with ruptured plaques,
and coronary plaques from noncardiac death autopsies
using a visual analog scale. This evaluation revealed
considerably more IgM in ruptured plaques and in vul-
nerable lesions from the same cases as the ruptured
plagues (n = 10 patients) than in coronary plaques from
noncardiac deaths (n = 16 patients) (Figure 8G). Reanal-
ysis with computer-aided image densitometry corrobo-
rated that there was more IgM in ruptured plaques than in
plaques from control autopsies (Figure 8H).

Discussion

Our study provides a novel insight into the role of immu-
noglobulins in coronary artery disease and suggests that
IgM and 1gG might contribute to plague instability. Al-
though immunoglobulins in solution can protect macro-
phages from uptake of oxLDLs, once bound to a surface
immunoglobulins activate macrophages to express pro-
coagulant activity in the form of TF and to kill VSMCs by
releasing H,O, (and also NO in the case of IgG). More-
over, we have determined an entirely novel mechanism
for macrophage activation by solid-phase IgM via recog-
nition by macrophage SR-A.2’ This finding is a substan-
tive advance to our understanding of immunoglobulin-
macrophage interactions.

We have previously shown that deletion of secretory
IgM accelerates atherosclerosis in early lesions in the
mouse. Serum IgM comprises 30% of germline encoded
T-independent natural antibodies derived from B1 lym-
phocytes and recognize anionic organic debris,®® includ-
ing phosphorylcholine in oxidatively modified LDLs and
apoptotic cells.® The remainder of serum IgM comprises
classic rearranged T-dependent adaptive antibodies de-

Figure 7. IgM binds to and activates macrophages from WT but not SR-A™"~
mice. Bone marrow macrophages and peritoneal exudates macrophages
were cultured from WT or SR-A™/~ mice as described (1 = 5 SR-A~/~ mice,
n = 5 WT mice). A: BMDMs were incubated with 20 pg-mL~' heat-
aggregated murine purified monoclonal IgM (Sigma-Aldrich) at 37°C for 20
minutes, washed briefly, then incubated with anti-mouse IgM FITC 20 min-
utes. The x axis shows FITC fluorescence (FL-1) and the y axis cell count.
Representative of 7 = 5 mice of each strain and of BMDMs and peritoneal
exudate cells. B: BMDMs were added to chamber slides (Labtek-I, Nunc)
precoated with either BSA or mouse IgM, 0.03 g - mm ™~ 2 (to match the other
assays) for 30 minutes at 37°C, fixed in acetone, stained with anti-p65 NF-kB
(s¢8008, Santa Cruz) and counterstained with a nuclear dye (TOPRO), and
then imaged by confocal. Green indicates p65 NF-kB; red, nuclei. Green
arrows indicate cytoplasmic NF-«B in WT BMDMs on BSA and on SR-A™/~
BMDMs on either IgM or BSA. Yellow arrows indicate nuclear localization
of p65 NF-kB in WT BMDMs on IgM-coated surface. Scale bars indicate
distances (all at the same magnification). C: The y axis shows nitrite in
supernatant after 24 cultures on surface indicated. Open bars, 1 ug per well
of BSA-coated surface; filled bars, 1 ug of IgM-coated surface; SR-A™/
supernatant from SR-A~/~ BMDMs; and WT, supernatant from WT C57BL/6
BMDM. Cells were at 10° cell per well (cpw). *P < 0.05, paired Student’s
ttest. NS, not significant. D: H,0O, secretion. The y axis shows fluorescence
from DCFDA, a H,O,-reporter dye after 18 hours. Open bars, 1 pug per well
of BSA-coated surface; filled bars, 1 ug of IgM-coated surface. *P < 0.05,
paired Student’s test. NS, not significant.
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Particle count

Figure 8. Ruptured plaques and vulnerable lesions
contain IgM in contact with macrophages. Immuno-
staining for IgM was conducted on coronary athero-
sclerotic lesions responsible for coronary thrombosis
and cardiac death (ruptured plaques) in comparison
with unruptured coronary lesions from the same
patients (vulnerable lesions) and coronary lesions
from patients who had died of noncardiac causes
(stable lesions). Scale bars indicate distances. Rup-
tured lesions have increased IgM deposits coating
lipid core debris. A-C: Photomicrographs at succes-
sive magnifications of a representative culprit plaque
immunostained for IgM; brown, positive immuno-
positivity; blue, nuclei; T, thrombus; L, lumen; CC,
example cholesterol cleft. B: High power of box in
A. C: High power of box in B; IgM covers granular
lipid core debris structures. D: Representative micro-
graph of lipid core of ruptured plaques double-im-
munostained for IgM (red) and CD68 (blue). IgM-
positive lipid core debris (red) is in intimate contact
with macrophages (blue arrowhead). E: Represen-
tative micrograph of (unruptured) plaque from an
autopsy with death due to a noncardiac cause, im-
munostained for IgM along with the ruptured plaque
shown in A. F: Flow cytometry of plaque debris
recovered from an advanced (calcified and slightly
ulcerated) aortic plaque, representative of n = 3.
The x axis shows surface IgM staining and the y axis
particle number. Shaded gray histogram, isotype
control. Open green histogram, anti-IgM-FITC. G:
Ruptured plaques and vulnerable lesions have con-
sistently more IgM than stable lesions. We examined
culprit lesions from fatal MI cases, vulnerable lesions
from the same case, and stable plaques from cases
with a clear positive noncoronary cause of death.
Each plaque had IgM immunostaining intensity
scored on a 0- to 10-point continuous visual analog
scale. This is a conceptual extension of the common
-~ 0, 1, 2, 3 scale to validly allow parametric data meth-

= ods. Gaussian distribution was checked with a stem-

rived from B2 cells that recognize specific neoepitopes or
foreign epitopes jointly with CD4 T-helper cells.®” Criti-
cally, although adoptive transfer of B1 cells is atheropro-
tective,'® adoptive transfer of B2 cells is atheroacceler-
ant.? Taken together, these data suggest that the effects
of immunoglobulins might be more complex than previ-
ously suspected.

Data on the role of SR-A in atherosclerosis in vivo have
also been conflicting, with reports of strong proathero-
genic effects, weak proatherogenic effects, antiathero-
genic effects, and overall no effect.’9:3%4° |n part, this is
likely to reflect multifunctionality of SR-A."® However, the
occurrence of plaque rupture in mouse models is contro-
versial, and mouse models are unlikely to represent the
biology of the unstable complex plaque that we have
observed immunocytochemically in human lesions. Our

Surface |gM and-leaf plot. The mean and SE were determined for
each group of patients (7 = 10 MI cases, n = 16
G H non-MI controls); *P < 10>, significant difference,
~10T * * 80 [ analysis of variance. H: We then performed a fo-
2 cused corroborative reanalysis of IgM in ruptured
> - * lesions in MI cases and stable lesions in non-MI
NG - 2 controls using computer-aided morphometry as pre-
’5 = c viously described.?* The area of brown pixels and
c 2 > the pixel intensity brownness were integrated to ex-
% % % press a semiquantitative measure of IgM density,
- = along the lines of Western blot quantification. The
8’ %’ é IgM was quantified for each patvicnt and expressed
c - s as mean % SE for each group of patients. Ruptured
'ﬁ plaques have increased IgM (*P < 107, Student’s
w 0 0 -test) using this method.
Ruptured Vulnerable Stable Stable Ruptured

mechanistic dissection of its role as a proinflammatory
IgM receptor in advanced lesions may go some way to
reconciling these data.

Multiple lines of evidence shown here link solid-phase
IgM-mediated SR-A ligation to macrophage activation.
With human cells, siRNA knockdown and direct binding
assays indicated that solid phase or high concentrations
of fluid phase aggregated IgM activate macrophages.
Importantly, we also found that macrophages from SR-
A~/ mice did not bind and were not activated by solid-
phase IgM. Taken together, these data therefore indicate
that the interaction between macrophages and solid-
phase IgM is via SR-A in both humans and mice. We have
not directly measured the affinity of this interaction but
predict that it is low, thereby explaining the failure of
monomeric IgM in solution to bind macrophages. In-



stead, we suggest that the high avidity invoked by ag-
gregated or surface-attached IgM initiates SR-A receptor
clustering, signaling, and the activation of macrophage
effector functions, such as TF gene expression and H,O,
release. Indeed, we have previously shown that some
solid-phase SR-A ligands activate macrophages.*’ Alter-
natively, solid-phase IgM, which is known to interact with
the collagenous domain of C1q, could interact with the
collagenous domain of SR-A and modify its conforma-
tion.*? The former mechanism has a precedent in FcyR3/
CD16 interactions with 1gG® and in TNF superfamily
members interacting with TNF receptor superfamily
members.*® Moreover, we found evidence of whole-cell
SR-A aggregation by live cell microscopy. Related mech-
anisms are found in macrophage activation by so-called
frustrated phagocytosis of solid-phase immune com-
plexes,** possibly involving classical Fc-receptor signal-
ing via tyrosine kinases.®

Our observation that solid-phase immunoglobulins ac-
tivate macrophages adds to the growing body of work on
the contribution of macrophages to plaque instability. We
frequently used vascular smooth muscle cell apoptosis
as a readout because of the role of VSMC apoptosis in
plague instability. Unstable plaques are characterized by
increased macrophages, reduced collagen, and fewer
VSMCs.*® VSMCs are the only plague cell types that
synthesize structurally key collagen isoforms collagen |
and collagen I11.*°> Macrophages directly degrade colla-
gen via matrix metalloproteinases.®® We and others have
found that macrophages also induce VSMC apoptosis,
via Fas-L/Fas interactions, TNF, and NO, consequently
preventing collagen synthesis.304647

The pathophysiologic relevance of our in vitro experi-
ments was strongly supported by the immunohistologic
observation that immunoglobulins accumulate on ne-
crotic core debris in the vicinity of macrophages in
plaques of coronary arteries of patients who had died of
coronary disease. This finding was corroborated by the
flow cytometric observation that immunoglobulins are
bound to the surface of lipid core particles, indicating that
plague IgM is in solid phase, similar to the in vitro stimu-
lation. Hansson et al*®~>" seminally documented immu-
nofluorescence for IgG and complement C3 in human
and rabbit lesions associated with injured endothelial
cells. In this study, we focused on mechanisms related to
macrophages and plaque rupture and inferred that rup-
tured lesions contain far more IgM than do stable ones.
Notably, plaque IgM was also increased in the intact
coronary lesions separate from ruptured plagues of these
patients, suggesting that it is a consequence of a gener-
alized process in the “vulnerable patient”®>°? and indi-
cating that IgM deposition antecedes full plague rupture.
Although the exact mechanism of immunoglobulin entry
is beyond the scope of the current article, there is evi-
dence of potential mechanisms supporting entry of large
molecules, such as IgM, to vulnerable plaques in hu-
mans. Ruptured plagues often have evidence of biolog-
ical response to recent intraplagque hemorrhage, which
could inject IgM into the plaque interior.?* In contrast,
IgG, which is smaller and more easily diffuses into tis-
sues, had a wide diffuse pattern of distribution, in addi-

IgM Activates Macrophages via SRA 359
AJP July 2012, Vol. 181, No. 1

tion to lipid core particulate deposits, and was not obvi-
ously increased in ruptured plaques relative to stable (not
shown). Findings with therapeutically aspirated thrombus
indicate that subclinical plaque disruption and thrombo-
sis frequently precede the clinically evident full rupture
event,®® which could also plausibly allow plasma easy
access to the lesion interior.

Our findings call for a new look at whether IgM is solely
protective in atherosclerosis." Thus, fluid-phase IgM may
be particularly important in opsonizing circulating ox-
LDLs,"® and perhaps also apoptotic cells and cell-de-
rived microparticles, and in ensuring the robust disposal
of such debris in safe locations. These protective func-
tions of fluid-phase IgM may plausibly be mainly exerted
in circulating plasma, liver, or spleen, whereas the accu-
mulation of IgM on arterial lipid deposits activates proin-
flammatory functions in macrophages. Study of solid-
phase immunoglobulins in plaque rupture in vivo will be
technically challenging because most methods for ana-
lyzing ligand/receptor binding rely on a fluid-phase li-
gand. Moreover, a robust mouse model of plaque rupture
has been lacking, related to the acknowledged substan-
tial species difference between humans and mice.®*

In conclusion, immunoglobulins activate macrophages
more potently when in solid phase. In the case of IgG, this
is mediated by the well-known CD16 pathway. In the
case of IgM, this involves a novel IgM/SR-A pathway.
Because activation by solid-phase immunoglobulins
modulates key macrophage effector functions in plaque
rupture and human ruptured plaques contain increased
solid-phase immunoglobulin deposits, our data provide a
novel insight into the pathophysiology of atherosclerotic
plaque rupture.
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