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The retention of low-density lipoprotein (LDL) is a key
process in the pathogenesis of atherosclerosis and largely
mediated via smooth-muscle cell-derived extracellular pro-
teoglycans including the glycosaminoglycan chains. Macro-
phages can also internalize lipids via complexes with
proteoglycans. However, the role of polarized macrophage-
derived proteoglycans in binding LDL is unknown and
important to advance our understanding of the pathogenesis of
atherosclerosis. We therefore examined the identity of pro-
teoglycans, including the pendent glycosaminoglycans, pro-
duced by polarized macrophages to gain insight into the
molecular basis for LDL binding. Using the quartz crystal mi-
crobalance with dissipation monitoring technique, we estab-
lished that classically activated macrophage (M1)- and
alternatively activated macrophage (M2)-derived proteoglycans
bind LDL via both the protein core and heparan sulfate (HS)
in vitro. Among the proteoglycans secreted by macrophages, we
found perlecan was the major protein core that bound LDL. In
addition, we identified perlecan in the necrotic core as well as
the fibrous cap of advanced human atherosclerotic lesions in
the same regions as HS and colocalized with M2 macrophages,
suggesting a functional role in lipid retention in vivo. These
findings suggest that macrophages may contribute to LDL
retention in the plaque by the production of proteoglycans;
however, their contribution likely depends on both their
phenotype within the plaque and the presence of enzymes, such
as heparanase, that alter the secreted protein structure.

Atherosclerosis is a chronic, complex inflammatory disease
that occurs in the vascular wall. It is initiated by the sub-
endothelial retention of low-density lipoprotein (LDL) from
the bloodstream. This is largely mediated via extracellular
proteoglycans including the glycosaminoglycan chains (1–3),
initially those secreted by resident smooth muscle cells (4, 5).
LDL may be modified by oxidation, glycation, aggregation, or
incorporation into immune complexes with susceptibility to
modification increased when bound to proteoglycans as a
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result of irreversible structural changes (6, 7). Thus, the
binding of LDL to proteoglycans is a key event in atherogen-
esis. Recruitment of monocytes, differentiation into macro-
phages, and subsequent uptake of oxidized LDL (oxLDL)-
proteoglycan complexes are major events underlying the
progression of atherosclerosis and accelerating plaque forma-
tion (8–10). In particular, oxidation of LDL leads to recogni-
tion by scavenger receptors on the surface of macrophages that
promote the internalization of oxLDL-proteoglycan com-
plexes, a process that leads to the formation of foam cells. In
addition, modified LDL is chemotactic for monocytes, further
supporting disease progression, including by this pathway as
macrophages also produce proteoglycans that may contribute
to the continued retention of LDL that occurs throughout
atherosclerosis development (7, 11).

Proteoglycans are proteins that are posttranslationally
modified with linear polysaccharide chains called glycosami-
noglycans. Glycosaminoglycans are composed of repeating
disaccharide units modified with sulfate groups at various
positions. Glycosaminoglycan family members include chon-
droitin sulfate (CS), dermatan sulfate, keratan sulfate, heparan
sulfate (HS), and heparin. In addition, hyaluronan is a
glycosaminoglycan; however, it is synthesized at the cell
membrane and does not decorate a core protein (12). Sulfated
glycosaminoglycans bind LDL via electrostatic interactions,
with the dense negative sulfated regions of glycosaminoglycans
binding clusters of basic amino acids in the protein component
of LDL, apolipoprotein B-100 (13–16). LDL has the highest
affinity for heparin, the glycosaminoglycan with the highest
level of sulfation (17, 18), while dermatan sulfate, HS, and CS,
with a lower level of sulfation, exhibit a lower affinity. HS is
reported to bind LDL to a similar extent as CS; however, the
sulfate content in the HS preparation used contained less than
half the level of sulfation as CS (15). Interestingly, LDL has a
higher affinity for glycosaminoglycan chains when presented in
their proteoglycan form compared with isolated chains,
consistent with their native presentation in the vascular wall
(19). The binding of LDL to proteoglycans and formation of
oxLDL-proteoglycan complexes enhance lipid internalization
via scavenger receptors on macrophages (20–22) and hence
are involved in the progression of atherosclerotic plaques.
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Macrophages bind LDL using HS and perlecan
To date, much of the understanding of the structure of
proteoglycans in the arterial wall and the interaction with LDL
has been derived from arterial smooth muscle cells and
endothelial cells (4, 5, 9, 23). CS proteoglycans including
biglycan, decorin, and versican are abundant in the vascular
wall during atherosclerosis and bind LDL (16, 24–27). Deletion
of one of the CS enzymes involved in chain elongation, CS N-
acetylgalactosaminyltransferase-2, reduced LDL retention in a
mouse model of diffuse intimal thickening (28) confirming the
physiological role of CS in lipid binding. Perlecan, an HS
proteoglycan, is abundant in the normal vascular basement
membrane; however, its expression in this region is decreased
during atherosclerosis (29, 30). Perlecan, however, is highly
expressed in both the necrotic core and fibrous cap of
advanced plaques (31) and can bind LDL, suggesting a lipid-
binding role for perlecan in the plaque (32).

The alteredmicroenvironmentwithin the vascularwall during
atherosclerosis, such as increased infiltration of monocytes,
which differentiate into macrophages, as well as activation of
smooth muscle cells, suggests that these cells may contribute to
proteoglycan-mediated lipid retention (25). For example, trans-
forming growth factor-β1 signals smooth muscle cells to syn-
thesize proteoglycans with longer glycosaminoglycan chains that
exhibit an increased affinity for LDL compared with pro-
teoglycans synthesized by quiescent cells (5, 33, 34).

Macrophages also secrete proteoglycans that bind LDL (19,
24, 25, 35). Macrophages cultured in vitro under hypoxic con-
ditions to simulate the plaque environment increase versican
and perlecan expression, and their affinity for LDL, owing to
their longer glycosaminoglycan chains with increased sulfation
(36, 37). Although the phenotype of these macrophages was not
described, these studies suggest that macrophages in the
Figure 1. CS and HS are localized in the core and cap of late atherosclerotic
(B) HS compared with the (C) isotype control at (i) low and (ii) higher magnifica
anti-HS chain antibody (clone 10E4) and CS was probed with the monoclonal
(brown) and nuclei were counterstained with hematoxylin (blue). Scale bar is 1
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atherosclerotic plaque can alter their synthesis of proteoglycans,
which in turn could influence LDL binding and oxidation.

Macrophages exhibit pro- or anti-inflammatory properties
depending on the cytokines present in their microenvironment
(38). Polarization of macrophages can be achieved via classical
activation with interferon-γ (IFN-γ) and lipopolysaccharide
(LPS) to produce proinflammatory or M1 macrophages while
alternative activation with interleukin (IL)-4 produces anti-
inflammatory, reparative, or M2 macrophages (39–41). Both
M1 and M2 macrophages are present within plaques with both
types found within the fibrous cap while M1 dominates in the
shoulder regions and M2 dominates in the adventitia (42–44).
While M1 macrophages are associated with plaque instability,
M2macrophages provide structural integrity to the plaque (44).
This raises the prospect of stabilizing plaques bymodulating the
balance of resident M1/M2 macrophages (45). Indeed, this has
been shown in mice (46). However, the utility of this approach
requires an understanding of the contribution of macrophage
subsets to proteoglycan secretion and LDL binding. Therefore,
this study aimed to examine the proteoglycans, and pendent
glycosaminoglycans, produced by M1 and M2 polarized mac-
rophages and to examine their role in LDL binding.
Results

Glycosaminoglycans are present in human atherosclerotic
plaques

As the glycosaminoglycan chains of proteoglycans have
been established to bind LDL and assist in its internalization
by macrophages, it was of interest to determine the pattern of
expression of the major glycosaminoglycans, namely CS and
HS, in advanced human carotid atherosclerotic plaques. The
plaques. Representative micrographs showing the localization of (A) CS and
tion of the boxed area indicated in (i). HS was probed with the monoclonal
anti-CS antibody (clone CS-56). Antibody binding was visualized with DAB
mm in (i) and 200 μm in (ii).
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plaques displayed a well-formed fibrous cap over the necrotic
core comprising macrophage foam cells (Fig. 1). CS was
distributed throughout the plaque (Fig. 1A (i)), both in the
fibrous cap and in the necrotic core (Fig. 1A (ii)). In addition,
HS was abundant in the necrotic core with weaker staining
exhibited in the fibrous cap (Fig. 1B (i) and (ii)). The isotype
control did not show any positive staining, indicating that the
CS and HS staining was specific (Fig. 1C). These results indi-
cated that both CS and HS were present in the lipid-rich
necrotic core.

Human monocytic cell line, THP-1, as a model for primary
human cells

The use of primary macrophages for proteoglycan
biochemical and lipid binding characterization is prohibitive
due to the number of cells that can be isolated and their
limited survival in culture. The human monocytic THP-1 cell
line was investigated as a model for primary cells as it exhibits
the morphological and functional properties of primary cells
(47, 48). THP-1 cells were examined for their ability to be
polarized into M1 and M2 phenotypes in a similar way to
primary macrophages. Although the THP-1 cells polarized by
LPS and IFN-γ to the M1 phenotype, and by IL-4 to the M2
phenotype, did not exhibit as strong a degree of skewing as the
primary cells, they still exhibited a shift to higher CD86 and
lower CD11b expression in the M1 compared with M2 mac-
rophages consistent with the primary cells (Fig. S1, A and B).
Furthermore, light microscopy images revealed the similarity
of the morphological appearance of both the primary and
THP-1 cells polarized into M1 macrophages with a spindle-
shaped appearance or M2 macrophages with a rounded
morphology (Fig. S1C). Thus, the THP-1 cells were able to be
polarized to either the M1 or M2 phenotype comparable to
primary macrophages.
Table 1
M1 and M2-polarized primary and THP-1 cells differentially express pr

Protein Accession nu

Extracellular Aggrecan NP_001126
Agrin NP_940978
Biglycan NP_001702
Inter-α-trypsin inhibitor
Heavy chain 1 NP_002206
Heavy chain 2 NP_002207
Heavy chain 3 NP_002208
Lumican NP_002336
Mimecan NP_054776
Perlecan NP_005520
Versican NP_004376

Cell surface Chondroitin sulfate proteoglycan 4 (CSPG4) NP_001888
Glypican-4 NP_001439
Syndecan-2 NP_002989
Syndecan-4 NP_002990

Intracellular Serglycin NP_002718

Proteoglycan-enriched conditioned medium from polarized primary and THP-1 cells was
alphabetical order and grouped into extracellular, cell surface, and intracellular proteins. C
number of unique peptide matches and % sequence coverage are indicated in parenthese
M1 and M2-polarized primary and THP-1 cells differentially
express proteoglycans and glycosaminoglycans

The proteoglycans secreted by primary and THP-1-
derived macrophages displaying either the M1 or M2
phenotype were also examined. Both primary and THP-1
cells were cultured under conditions to induce either the
M1 or M2 phenotype and the proteoglycans produced
were isolated from the conditioned medium pooled from
these cultures over several medium exchanges by anion
exchange chromatography (Fig. S2). A comparison of
chromatography elution profiles indicated that there was
less protein eluted from the primary and foam cell prep-
arations compared with the THP-1 preparations (Fig. S2A);
however, when this was adjusted for the protein yield,
there was no difference between primary and THP-1
preparations for the M1 and M2-polarized cells
(Fig. S2B). The protein yield from the M1 and M2 THP-1
foam cell preparations was low.

Mass spectrometry analyses of the proteoglycans in each of
these samples revealed that the macrophages produced a range
of extracellular and cell surface proteoglycans (Table 1).
Interestingly, primary M1 macrophages secreted aggrecan,
biglycan, inter-α-trypsin inhibitor, lumican, mimecan, perle-
can, versican, and chondroitin sulfate proteoglycan 4 (CSPG4).
M1 THP-1 macrophages also secreted these proteoglycans,
except for versican and CSPG4. In addition, M1 THP-1
macrophages secreted agrin, syndecan-4, and serglycin,
which were not expressed by the primary cells. M2 primary
macrophages secreted aggrecan, inter-α-trypsin inhibitor,
lumican, mimecan, perlecan, CSPG4, and serglycin. M2 THP-1
macrophages also secreted these proteoglycans, apart from
biglycan, mimecan, CSPG4. In addition, M2 THP-1 macro-
phages secreted agrin, versican, glypican-4, and syndecan-2.
Thus, there were some differences in the proteoglycan
oteoglycans

mber

MOWSE score (peptides identified, % sequence coverage)

M1 M2

Primary THP-1 Primary THP-1

130 (3, 1.4) 234 (7, 3.8) 200 (3, 1.4) 124 (2, 1.2)
715 (17, 15) 1024 (17, 15)

112 (3, 16) 128 (3, 16) 88 (2, 6.0)

289 (3, 4.1) 102 (1, 1.7) 329 (5, 4.6) 128 (2, 1.7)
977 (11, 6.7) 263 (5, 6.6) 865 (13, 12) 262 (6, 7.6)
439 (8, 7.9) 163 (5, 5.4) 481 (6, 6.0) 180 (3, 3.4)
534 (6, 17) 533 (4, 14) 450 (5, 14) 430 (8, 21)
295 (4, 14) 74 (1, 7.1) 202 (4, 17)
657 (8, 3.4) 435 (6, 2.0) 853 (12, 3.5) 346 (7, 2.8)
108 (3, 1.1) 94 (1, 0.6)
219 (5, 2.7) 72 (2, 0.8) 244 (6, 3.4)

164 (2, 9.2)
261 (2, 8.5)

74 (1, 8.1)
172 (4, 34) 102 (2, 23) 192 (4, 26)

analyzed by peptide LC-MS2 from an in-solution tryptic digest and presented in
onfidence of peptide identity was assessed by the MOWSE score greater than 70. The
s.
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Figure 2. M1 and M2-polarized primary and THP-1 cells differentially express glycosaminoglycans. A, the presence of CS chains produced by the THP-
1 cells using mouse monoclonal antibody clone CS-56 determined by ELISA (n = 3). B, the presence of HS chains produced by the THP-1 cells using mouse
monoclonal antibody clone 10E4 determined by ELISA (n = 3). Asterisk indicates significant difference compared with M1. C, proportion of CS disaccharides
present in proteoglycan-enriched medium conditioned elaborated by M1 and M2-polarized primary and THP-1 cells. D, proportion of HS disaccharides
present in proteoglycan-enriched medium conditioned elaborated by M1 and M2-polarized primary and THP-1 cells. The HS disaccharide structures are
indicated by both their abbreviated name and structure (table inset).

Macrophages bind LDL using HS and perlecan
protein core expression profiles between primary and THP-1
macrophage phenotypes.

The conditioned medium from each of the cultures was
further analyzed for the presence and structure of the glycos-
aminoglycans (Fig. 2). Analysis of the relative abundance of CS
Figure 3. THP-1 cells with M1 and M2 phenotypes internalize oxLDL to
become foam cells. Representative light microscopy images of oil red O
stained M1 or M2-polarized THP-1 cells either untreated or treated with
oxLDL to form foam cells. Scale bar represents 20 μm.
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and HS secreted by THP-1 macrophages was determined by
ELISA using antibodies raised against epitopes commonly
found on either CS orHS. This analysis revealed a similar level of
CS epitopes produced by both M1 and M2 macrophages while
M2macrophages produced significantly more HS epitopes than
M1 macrophages (Fig. 2, A and B). Furthermore, the CS pro-
duced by both primary and THP-1 macrophages, whether dis-
playing an M1 or M2 phenotype, was primarily composed of
monosulfated disaccharides, either 4- or 6-sulfated, while only
10–20% of the chains were unsulfated (Figs. 2C and S3A). In
contrast, the HS profile was different between the primary and
THP-1 macrophage phenotypes. M1 THP-1 macrophage-
derived HS contained 50% disulfated disaccharides (ΔUA,2S-
GlcNS), 25% monosulfated disaccharides (ΔUA,2S-GlcNAc),
and 25% unsulfated disaccharides (ΔUA-GlcNAc) while M1
primary macrophage-derived HS contained 5% disulfated di-
saccharides (ΔUA,2S-GlcNS), 90% monosulfated disaccharides
(ΔUA,2S-GlcNAc and ΔUA-GlcNS), and 5% unsulfated di-
saccharides (ΔUA-GlcNAc) (Figs. 2D and S3B). Additionally,
M2 THP-1-derived HS contained 23% disulfated disaccharides
(ΔUA,2S-GlcNS) and 77% monosulfated disaccharides (ΔUA-
GlcNAc,6S, ΔUA,2S-GlcNAc, and ΔUA-GlcNS) while M2 pri-
mary macrophage-derived HS contained 5% disulfated di-
saccharides (ΔUA,2S-GlcNS), 80% monosulfated disaccharides
(ΔUA,2S-GlcNAc and ΔUA-GlcNS), and 15% unsulfated di-
saccharides (ΔUA-GlcNAc) (Figs. 2D and S3B). These data
indicated an overall higher level of sulfation for theHS produced
by both M1 and M2 THP-1 macrophages than M1 and M2



Table 2
THP-1-derived M1 and M2 foam cells differentially express proteoglycans

Protein Accession number

MOWSE score (peptides identified, %
sequence coverage)

M1 M2

Extracellular Agrin O00468 246 (7, 5.2)
Lumican NP_002336 123 (1, 5.6)
Perlecan NP_005520 548 (10, 4.2)
Versican NP_004376 111 (2, 1.0)

Cell surface Syndecan-2 NP_002989 100 (1, 8.5) 299 (2, 8.5)
Intracellular Serglycin NP_002718 223 (4, 34) 636 (7, 38)

Proteoglycan-enriched conditioned medium from THP-1 cells polarized into M1 or M2 foam cells was analyzed by peptide LC-MS2 from an in-solution tryptic digest and
presented in alphabetical order and grouped into extracellular, cell surface, and intracellular proteins. Confidence of peptide identity was assessed by the MOWSE score greater
than 70. The number of unique peptide matches and % sequence coverage are indicated in parentheses.

Macrophages bind LDL using HS and perlecan
primary macrophages. In addition, M1-derived HS was more
sulfated than M2-derived HS.

THP-1 cell-derived foam cells differentially express
proteoglycans and glycosaminoglycans

THP-1 cells were further investigated for their ability to
internalize oxLDL and display the foam cell phenotype. M1
and M2 THP-1 macrophages were treated with oxLDL and
found to internalize lipids as shown by the positive staining
with Oil Red O as well as a more rounded morphology
compared with untreated cells (Fig. 3). Mass spectrometry
analyses of the proteoglycans in each of these samples revealed
that M2 THP-1 foam cells secreted agrin, lumican, perlecan,
versican, syndecan-2, and serglycin while M1 THP-1 foam
cells only secreted syndecan-2 and serglycin (Table 2). These
data support the conclusion of reduced secretion of pro-
teoglycans by foam cells compared with the M1 and M2
macrophages (Tables 1 and 2).
Macrophage proteoglycans bind LDL via HS and their protein
core

Having established that macrophage subsets secrete a range
of proteoglycans decorated with both HS and CS, it was
important to establish that these proteoglycans could bind
LDL. This was performed in a turbidity assay as the binding of
LDL to proteoglycans formed insoluble complexes in the
presence of Ca2+ ions. Proteoglycans isolated from M1 and M2
THP-1 macrophages bound LDL over a range of proteoglycan
concentrations (Fig. 4A). This binding was further explored by
QCM-D to quantify the extent of binding where the proteo-
glycan fraction was adsorbed onto the gold sensor surface,
blocked with albumin, and then exposed to LDL in the absence
of divalent cations to minimize the formation of insoluble
complexes. Each of these binding events was represented by a
decrease in frequency, which is related to the amount of mass
deposited, accompanied by increased dissipation, which is
related to the viscoelasticity of the immobilized layer (Fig. 4B).
The Δf and ΔD values for each experiment were input into the
Voigt viscoelastic model to obtain adsorbed mass estimates for
both the proteoglycans and LDL. These analyses indicated
each proteoglycan fraction adsorbed to the gold sensor surface
to approximately the same degree (554 ± 29 ng/cm2) (Fig. 4C).
LDL bound to all proteoglycan fractions from both primary
and THP-1 cells (Fig. 4D). There was no significant difference
in the level of LDL bound to proteoglycan fractions secreted by
primary or THP-1 macrophages for either M1 or M2 subsets.
However, proteoglycans secreted by M1 macrophages bound
approximately 1.6-fold more LDL than the proteoglycans
secreted by M2 macrophages (Fig. 4D).

LDL binding to these proteoglycan fractions was further
investigated to establish the role of the glycosaminoglycan
chains. Removal of HS and CS from the proteoglycan fraction
by HepIII and C’ase ABC, respectively, was verified by ELISA
(Fig. S4). Removal of CS from the proteoglycan fraction had no
effect (Fig. 4E). In contrast, removal of HS resulted in a 2.9-
and 7.1-fold reduction in LDL binding to primary and M1
THP-1 macrophage-derived proteoglycans, respectively, while
additional removal of the CS had no additive effect (Fig. 4E).
LDL binding to the M1 primary and THP-1-derived fractions
treated to remove both HS and CS was approximately 14 and
34%, respectively of the LDL bound to intact fractions
consistent with LDL binding to the core proteins (Fig. 4E).
These data indicated that both HS and the protein cores were
involved in LDL binding (Fig. 4F). Further, approximately half
of the LDL bound to the M1 THP-1 macrophage-derived
proteoglycans that had been treated to remove CS was via
electrostatic interactions as treatment with 1 M NaCl resulted
in a 1.8-fold reduction in LDL binding (Fig. 4G). Involvement
of the HS and CS chains in LDL binding to the M2-derived
proteoglycan fractions was similar to that for the M1-derived
proteoglycan fractions (Fig. 4H). Removal of CS had no ef-
fect on the level of LDL binding while removal of HS sup-
ported a 4.8- and 3.7-fold reduction in LDL binding to M2
primary and THP-1-derived proteoglycans, respectively, while
additional removal of the CS had no additive effect (Fig. 4H).
LDL binding to the M2 primary and THP-1-derived fractions
treated to remove both HS and CS was approximately 27% of
the LDL bound to intact fractions consistent with LDL binding
to the core proteins (Fig. 4H). These data indicated that both
M2-derived HS and protein cores were involved in LDL
binding (Fig. 4F). Comparison of the LDL adsorption behavior
to the different M2 THP-1 proteoglycan preparations was
performed by plotting ΔD versus Δf (Df plots; Fig. 4I). These
plots indicated LDL binding to the control proteoglycan
fraction as detected by decreased Δf and increased ΔD. In
contrast, the Df plot for LDL binding to the proteoglycan
preparation devoid of both HS and CS exhibited a decrease in
J. Biol. Chem. (2021) 296 100520 5
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Δf with little change in ΔD throughout the measurement
period consistent with a lower level of binding and more rigid
binding, consistent with protein core binding. Thus, the
different protein and glycosaminoglycan compositions of the
proteoglycan fraction from each macrophage subset deter-
mined the relative extent of LDL binding between protein and
glycosaminoglycan components.

LDL binds to the protein core of perlecan

As the binding of LDL to the proteoglycan fractions involved
the core proteins, further assessment was conducted to identify
which proteoglycans were involved. The QCM-D experimental
setup to quantify LDL binding to M2 THP-1-derived pro-
teoglycans (Fig. 4B) was extended to add an antibody to a selected
proteoglycan core protein prior to the addition of LDL (Fig. 5A).
Polyclonal antibodies raised against core proteins of perlecan or
versican were selected as these proteoglycans were present in the
proteoglycan fractions (Table 1) and previously associated with
LDL binding (36, 37). In addition, a polyclonal antibody raised
against biglycan (core protein) was used as a control as biglycan
was not found in the M2 THP-1-derived proteoglycan fraction
(Table 1). The M2 THP-1-derived proteoglycans were treated to
remove both CS and HS prior to immobilization to assess the
effect of each antibody on the level of LDL binding to the protein
core. The anti-perlecan antibody reduced LDL binding to this
fraction 4.6-fold while the anti-versican and anti-biglycan anti-
bodies had no effect (Fig. 5B). These data suggested that perlecan
present in the M2-derived fractions supported LDL binding.
Western blotting indicated the presence of full-length perlecan in
theM2THP-1-dervied proteoglycan fractionwith a 460 kDa core
protein decorated with HS, as shown by the small shift in
immunoreactivity in the absence of HS, but not CS (Fig. 5C). The
M2 THP-1-derived proteoglycan fraction was further enriched
for perlecan via immunoaffinity chromatography and its purity
confirmed via both ELISA and mass spectrometry (Fig. S5 and
Table S1). The flow through fraction was also examined to
confirm that it did not contain perlecan. LDL bound to the M2
THP-1-derived perlecan, while the level of LDL binding was 4.2-
fold greater in the absenceofHS (Fig. 5D). In contrast, LDLdidnot
bind to the proteins present in theM2THP-1 fraction depleted of
perlecan and glycosaminoglycans. Human primary aortic endo-
thelial cell perlecan, which is exclusively decorated with HS (49),
also bound LDL via its protein core and supported a 2.2-fold
higher level of LDL binding in the absence of HS (Fig. 5D).
Furthermore, addition of the polyclonal anti-perlecan antibody
prior to exposure to LDL binding inhibited LDL binding to
endothelial perlecan (Fig. 5D). These data suggested that perlecan
was themajor proteoglycan secreted byM2 THP-1 macrophages
that bound LDL bound via the protein core (Fig. 5E).

Perlecan colocalizes with M2 macrophages in late
atherosclerotic plaques

As perlecan was found to be major contributor to LDL
binding in the M2 macrophage-derived proteoglycan fraction,
the colocalization of perlecan and M2 macrophages within
human late atherosclerotic plaques was investigated. Perlecan
6 J. Biol. Chem. (2021) 296 100520
was localized to both the fibrous cap and the necrotic core
where M2 macrophages were also present (Fig. 6). In addition,
some of the M2 macrophages identified colocalized with per-
lecan (Fig. 6, B and C).

Discussion

This study demonstrated that macrophages, whether pri-
mary or from the THP-1 cell line, secreted a range of pro-
teoglycans that bound LDL via their glycosaminoglycan and/
or protein components. The THP-1 cell line has previously
been established as a model of human monocyte-derived
macrophages with the ability to be polarized to M1 and M2
phenotypes (48) and was thus used in this study as a more
abundant source of polarized macrophage-derived pro-
teoglycans and compared, where possible, with proteoglycans
secreted by primary cells. The polarization of the THP-1 cell
line to the M1 phenotype was not as marked as for primary
cells. It is acknowledged that macrophage phenotype is a
spectrum and there are differences in the degree of polariza-
tion toward M1 or M2 phenotypes when exposed to the same
stimulus (50).

Interestingly, M1 and M2-polarized macrophages secreted
proteoglycans that bound LDL as determined by a turbidity
assay in the presence of Ca2+ ions that promoted the formation
of insoluble complexes, extending previous studies (2). The
QCM-D was used in this study for the first time as a more
sensitive technique to study LDL interactions with pro-
teoglycans in conditions that did not support the formation of
insoluble complexes and revealed that macrophage-derived
proteoglycans bound LDL via both their protein core and
HS. These findings extend previous reports that macrophages
secrete proteoglycans that bind LDL (19, 24, 25, 35) and
provide context for the relative contribution of proteoglycans
produced by polarized macrophages.

Macrophages have previously been shown to secrete pro-
teoglycans including agrin, decorin, glypican-4, perlecan, syn-
decans-1–4, and versican (37, 51–53), with this study
extending this list to include aggrecan, inter-a-trypsin inhibi-
tor, lumican, mimecan, and CSPG4. As several of these pro-
teoglycans can bind LDL, it suggests that macrophages may
contribute to LDL binding in the plaque by secretion of an
array of proteoglycans. Notably, foam cells derived from either
M1 or M2-polarized macrophages reduced their secretion of
proteoglycans, which may be attributed to the cytotoxic effect
of oxLDL internalization (54, 55). This implies that once a
foam cell forms, as is the case in advanced plaques, they reduce
secretion of proteoglycans that could play a role in the
retention of newly deposited LDL from the circulation.

CS was abundantly expressed in the advanced human
atherosclerotic plaques analyzed in this study and binds LDL
(16, 24–27). Multiple CS proteoglycans have been localized to
the macrophage-rich plaque core including decorin, biglycan,
and versican (56, 57). The present study found that macro-
phages secrete CS proteoglycans including biglycan and ver-
sican, but not decorin. The CS secreted by either macrophage
phenotype did not bind LDL and mostly contained



Figure 4. Macrophage proteoglycans bind LDL via HS and their protein core. A, determination of LDL binding to M1 and M2 THP-1 proteoglycans by
turbidity measurement over a range of proteoglycan doses. Data are presented as mean ± SD (n = 3). B, sample QCM-D experiment of LDL binding to M1
THP-1 proteoglycans displayed as changes in frequency (Δf) and dissipation (ΔD) versus time for the third overtone. The vertical lines indicate the addition
of PBS, proteoglycans, albumin, or LDL. C, mass of proteoglycan fractions bound to sensor surface. The mass of proteoglycan (PG) bound was determined by
Voigt modeling of the QCM-D data. Data are presented as mean ± SD (n = 4). Mass of LDL bound to proteoglycans elaborated by (D) different primary and
THP-1 macrophage subsets or (E) M1-polarized primary and THP-1 cells. The mass of LDL bound was determined by Voigt modeling of the QCM-D data.
Data are presented as mean ± SD (n = 4). Selected proteoglycan preparations were treated with C’ase ABC (-CS) and/or HepIII (-HS) prior to immobilization
on the sensor surface and compared with the undigested fraction (control). Asterisk indicates significant difference compared with same cell type control or
as indicated. F, schematic representation of LDL binding to the HS chains and protein cores present in the macrophage-derived proteoglycans. Mass of LDL
bound to proteoglycans elaborated by (G) M1 polarized THP-1 cells following treatment with 1 M NaCl and (H) M2-polarized primary and THP-1 cells. The
mass of LDL bound was determined by Voigt modeling of the QCM-D data. Data are presented as mean ± SD (n = 4). Selected proteoglycan preparations
were treated with C’ase ABC (-CS) and/or HepIII (-HS) prior to immobilization on the sensor surface and compared with the undigested fraction (control).
Asterisk indicates significant difference compared with same cell type control or as indicated. (I) Representative ΔD versus Δf plot (Df plots) for LDL binding
to M2 THP-1 proteoglycan preparations. The arrow indicates the time course of the data points.
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Figure 5. Perlecan binds LDL via the protein core. A, sample QCM-D experiment of LDL binding to M2 THP-1 proteoglycans displayed as changes in
frequency (Δf) and dissipation (ΔD) versus time for the third overtone. The vertical lines indicate the addition of PBS, proteoglycans, albumin, antibody, or
LDL. B, mass of LDL bound to proteoglycans elaborated by M2-polarized THP-1 macrophages treated with both C’ase ABC (-CS) and HepIII (-HS) prior to
immobilization followed by the addition of anti-perlecan, anti-versican, or anti-biglycan antibodies or no antibody (control). The mass of LDL bound was
determined by Voigt modeling of the QCM-D data. Data are presented as mean ± SD (n = 4). Asterisk indicates significant difference compared with same
cell type control. C, representative western blot of proteoglycan fraction elaborated by M2-polarized THP-1 macrophages either untreated (control) or
treated with either HepIII (-HS) or C’ase ABC (-CS), electrophoresed on an 3–8% Tris-acetate gel, and probed for the presence of perlecan using a mouse
monoclonal anti-perlecan antibody (clone E-6). Annotations on the right of the blot indicate the migration position of the lowest point of each band. D,
mass of LDL bound to immunopurified perlecan derived from M2-polarized THP-1 cells compared with the M2 THP-1 fraction depleted of perlecan and
glycosaminoglycans and immunopurified perlecan derived from human aortic endothelial cells. Selected experiments were performed after treatment of
the proteoglycans with C’ase ABC and/or HepIII or addition of the anti-perlecan antibody. The mass of LDL bound was determined by Voigt modeling of the
QCM-D data. Data are presented as mean ± SD (n = 4). Asterisk indicates significant difference compared with perlecan for the same cell type. E, schematic
representation of LDL binding to the protein core of perlecan but not to the protein cores present in the proteoglycan fraction depleted of perlecan.
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monosulfated disaccharides; however, it was not determined
whether these contained 4- or 6-sulfated disaccharides.
Importantly, 6-sulfated CS binds LDL, while 4-sulfated CS
does not (58, 59), suggesting that the CS produced by mac-
rophages may be mostly 4-sulfated. Moreover, the lack of LDL
binding suggests that other cell types in the plaque are likely
responsible for the deposition of CS proteoglycans that bind
LDL.

This study found that the HS composition was sensitive to
macrophage cell type and polarization. Proteoglycans produced
8 J. Biol. Chem. (2021) 296 100520
by M1 macrophages had a higher level of HS chain sulfation
compared with proteoglycans produced by M2 macrophages. In
addition,HSproducedby theTHP-1 cells wasmore sulfated than
for the primary cells.While therewere subtle differences between
the HS profile produced by primary and THP-1 cells, increased
glycosaminoglycan chain sulfation has been reported in athero-
sclerosis and linked to increased LDL binding (60, 61). Further-
more, the spectrumofmacrophage phenotypeswithin the plaque
suggests that a range of HS structures will be present in vivowith
a range of affinities for LDL.



Figure 6. Perlecan colocalized with M2 macrophages in late athero-
sclerotic plaques. Representative micrographs showing the colocalization
of perlecan and M2 macrophages at (A) low and (B and C) higher magni-
fication of the boxed areas indicated in (A). Perlecan was probed with the
rabbit polyclonal anti-perlecan antibody CCN-1 and visualized with DAB
(brown). M2 macrophages were probed with the anti-CD163 antibody
(clone 10D6) and visualized with Vina Green (green). Nuclei were counter-
stained with hematoxylin (blue). Arrows indicate regions of colocalization.
Scale bar is 200 μm in (A) and 50 μm in (B and C).

Macrophages bind LDL using HS and perlecan
The present study revealed that proteoglycans derived from
M1 and M2 macrophages bound LDL via both the HS and
protein core with M1 proteoglycans supporting a higher level
of LDL binding than M2 proteoglycans. These data supported
previous reports of more highly sulfated glycosaminoglycans
binding LDL (13–16) as well as macrophage and smooth
muscle cell–derived matrix binding LDL via HS (62, 63).
However, the results presented here contrast with the reported
LDL binding to M0 THP-1 macrophage-derived proteoglycans
that was not HS-dependent (35).

Using antibodies to the protein core of selected pro-
teoglycans that were abundant in the M2-derived proteoglycan
fraction identified the protein core of perlecan as a major
contributor to LDL binding. The perlecan core is reported to
bind LDL via domain II, which is highly homologous to the
lipid-binding region of the LDL receptor (32). While domain II
of perlecan alone can bind LDL, the presence of regions
outside of this domain, including domain I, increases LDL
binding suggesting a cooperative effect of multiple regions
within perlecan (32). Interestingly, more LDL bound to the
protein core of perlecan in the absence of HS suggesting that
the HS on perlecan did not support LDL binding and reduced
access for LDL to the protein core. Similarly, LDL binding to
the endothelial-derived matrix was enhanced after removal of
the HS (64) and supports the findings presented here that LDL
binding to perlecan was enhanced after removal of HS.

In this study, perlecan was localized to the fibrous cap and
necrotic core in advanced human atherosclerotic plaques and
aligned with previous studies of advanced atherosclerosis in
murine models (31, 65) and nonhuman primates (56). In
addition, perlecan colocalized with M2 macrophages and was
localized to the same regions as HS extending previous find-
ings (57). Notably, not all M2 macrophages colocalized with
perlecan suggesting that other cell types also secreted this
proteoglycan, most likely the resident smooth muscle and
endothelial cells (49, 66).

The role of perlecan in atherosclerosis is likely context-
dependent. Heterozygous deletion of perlecan leads to less
atherosclerosis in young, but not old, apolipoprotein E-defi-
cient (ApoE0) mice (31). This is thought to be due to the
antiatherogenic properties of HS including through inhibition
of LDL retention as observed in this study as well as modu-
lation of smooth muscle cell proliferation (49, 57, 64). How-
ever, cross-breeding of the ApoE0 mice with the HS-deficient
perlecan (Hspg2D3/D3) mice revealed a decrease in athero-
sclerotic lesions in both young and old mice, suggesting a
proatherogenic role for HS (63). These contrasting findings
suggest that the roles for HS go beyond lipid retention as the
ApoE0/Hspg2D3/D3 mice exhibited reduced smooth muscle cell
populations in the lesions (63). In addition, the smooth muscle
cell–derived matrix exhibited reduced LDL binding without
HS (63), in contrast to the results presented in this study where
both macrophage- and endothelial-derived perlecan supported
higher LDL binding in the absence of HS. Together these
suggest that the cell-type-dependent HS composition may
contribute to the altered LDL-binding properties. Macro-
phages are involved in the progression of atherosclerosis
through accelerating plaque formation (8–10), thus
macrophage-derived proteoglycans, including HS and the
protein core of perlecan, are likely involved in plaque pro-
gression rather than atherogenesis.

Atherosclerotic lesions contain both reduced HS and per-
lecan, but increased CS expression compared with normal
vessels (30, 57). This is thought to be transcriptionally regu-
lated as hypoxia increases perlecan expression by macrophage;
but reduces its expression by endothelial cells (37, 67). In
addition, hypoxia-inducible factor (HIF)-1a regulates perlecan
gene expression while HIF-1a colocalizes with macrophages in
atherosclerotic lesions (37, 68). In addition, HS biosynthesis is
decreased in hypoxia, but not CS (51). Importantly, heparanase
expression is increased in atherosclerosis (69) and may
modulate HS retention and hence availability of LDL-binding
sites. Together these studies suggest multiple regulation
mechanisms for lipid retention by proteoglycans in athero-
sclerosis. While this study has focused on LDL binding, M2
macrophages are recognized for their stabilizing properties
(40, 44, 46) as well as clearance of lipids (70, 71) suggesting
that the association of M2 macrophages with perlecan and
other proteoglycans in the lipid rich region of atherosclerotic
plaques may be a mechanism of LDL clearance.
J. Biol. Chem. (2021) 296 100520 9
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In summary, the present study is the first to establish a
molecular basis for the interaction of LDL with proteoglycans
secreted by polarized macrophages in vitro. Importantly, it
implies that macrophages are likely to contribute to LDL
retention in the plaque via protein and HS, but the way in
which they do so is impacted by polarization as well as the
presence of extracellular matrix degrading enzymes in the
plaque. As such, the contribution of macrophages to LDL
binding is complex. Due to the importance of glycosamino-
glycans in mediating cellular processes in atherosclerosis, these
findings should enable further studies aimed at elucidating the
role of macrophage-derived proteoglycans in both pro-and
antiatherogenic processes.

Experimental procedures

Reagents

Human buffy coat-derived monocytes were obtained under
approval of the UNSW Human Research Ethics Committee
from the Australian Red Cross Life Blood. The human
monocytic cell line, THP-1, was also used as a source of
monocytes when a larger number of cells were required.
Chondroitinase ABC (C’ase ABC), heparinase III (HepIII), and
mouse monoclonal antibody reactive to HS chains (clone
10E4) were purchased from Seikagaku Corp. The mouse
monoclonal anti-perlecan antibody (clone E-6) was purchased
from Santa Cruz Biotechnology while the mouse monoclonal
anti-perlecan antibody (clone A74) was purchased from
AbCam. A rabbit polyclonal anti-perlecan antibody (CCN-1)
was raised in-house as previously described (49). Rabbit
polyclonal antibodies against biglycan (catalogue no. LS-
C341858) and versican (catalogue no. LS-C312902) were
purchased from LSBio. Fluorophore-labeled monoclonal an-
tibodies against CD86 (clone 2331) and CD11b (ICRF44) were
purchased from BD Biosciences while a mouse monoclonal
anti-CD163 antibody (clone 10D6) was purchased from Leica
Microsystems. Biotinylated secondary anti-mouse and anti-
rabbit antibodies were purchased from Merck-Millipore. Sec-
ondary horseradish-peroxidase-conjugated antibodies were
purchased from Dako. IFN-γ was purchased from R&D sys-
tems. Human oxLDL was obtained from Alfa Aesar. Human
LDL was purchased from STEMCELL Technologies Australia
Pty Ltd, stored at 4 �C and used within 3 months. Dulbecco’s
phosphate buffered saline (PBS) did not contain divalent cat-
ions. All other chemicals were purchased from Sigma-Aldrich.

Immunohistochemistry

Sections (5 μm) of human atherosclerotic carotid tissues
were obtained under ethics approval at Westmead Hospital,
Australia. Sections were deparaffinized and rehydrated. Anti-
gen retrieval was by heat using Borg decloaker solution in a
decloaking chamber (Biocare Medical). Staining was carried
out by an automated intelliPATH FLZ stainer in which the
sections were firstly blocked with hydrogen peroxide followed
by Background Sniper (all Biocare Medical). They were then
incubated with primary antibodies, which were detected with
the MACH 2 HRP-Polymer detection system (Biocare
10 J. Biol. Chem. (2021) 296 100520
Medical). Counter staining was with hematoxylin. Tissue
sections (n = 4 specimens) were stained with a mouse
monoclonal anti-heparan sulfate antibody (clone 10E4, 2.0 μg/
ml) and a mouse monoclonal anti-chondroitin sulfate antibody
(clone CS-56, 2.0 μg/ml). Tissue sections (n = 3 specimens)
were stained with both a rabbit polyclonal anti-perlecan anti-
body (CCN-1, 1:500 dilution) and a mouse monoclonal anti-
CD163 antibody (0.5 μg/ml). Negative controls were per-
formed simultaneously by incubating the sections with isotype
control antibodies at the same concentration as the primary
antibodies.

Culture and polarization of macrophages

THP-1 cells were maintained in standard medium con-
taining RPM1-1640 medium supplemented with 10% fetal
bovine serum and 1% (w/v) penicillin and streptomycin. Cells
(3.3 × 105 cells/ml) were differentiated into naïve M0 macro-
phages by treatment with 5 ng/ml of phorbol-12-myristate 13-
acetate (PMA) for 72 h in standard medium and cultured for a
further 24 h in the absence of PMA prior to polarization. The
macrophages were then polarized by incubation for 48 h with
100 ng/ml LPS and 20 ng/ml IFN-γ to produce M1 macro-
phages or polarized with 20 ng/ml IL-4 to produce M2 mac-
rophages. M1 and M2 macrophages were transformed into
foam cells by incubation with 50 μg/ml of oxLDL in serum-
free RPMI-1640 containing the respective polarizing cyto-
kines for 24 h (72). Cells were stained with Oil Red O and
imaged under light microscopy.

Flow cytometry

Macrophages were harvested from tissue culture plates via a
cell scraper. Cells (105) were suspended in PBS containing 1%
(w/v) bovine serum albumin (BSA) for 10 min at room tem-
perature followed by a 15 min incubation at room temperature
with fluorophore-labeled monoclonal antibodies against CD86
or CD11b (BD Biosciences). Data were acquired on a flow
cytometer (BD) for 105 events (n=2–5) and analyzed with FCS
Express Version 4 software (De Novo Software).

Proteoglycan enrichment and perlecan immunopurification

Anion exchange chromatography using a diethylaminoethyl
resin was used to isolate proteoglycans from medium condi-
tioned by M1 or M2-polarized primary or THP-1 cells as
previously described (49). Conditioned medium was pooled
from three to ten medium changes to obtain a sufficient
quantity of proteoglycans for analysis. Perlecan was isolated
from selected macrophage fractions or human coronary artery
endothelial cells using a monoclonal anti-perlecan domain I
antibody (clone A71) affinity column, as previously described
(66). Protein concentration was determined by the Coomassie
protein assay and glycosaminoglycan concentration deter-
mined by the 1,9-Dimethylmethylene Blue assay (49, 73).

Mass spectrometry

Proteoglycan-enriched fractions in 25 mM ammonium bi-
carbonate were reduced (10mMDTT, 10min, 95 �C), alkylated
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(25 mM iodoacetamide, 20 min, room temperature), and
digested (sequencing grade trypsin, 20 μg/ml, 16 h, 37 �C).
Samples were subjected to peptide analysis by liquid
chromatography–tandem mass spectrometry (LC-MS2) as
previously described (74). Samples were analyzed by LC-MS2

using an LTQ mass spectrometer (Thermo Fisher Scientific).
The data was analyzed using the peaklist-generating software
Mascot Daemon/extract_msn (version 2.5.1; Matrix Sciences)
and the Mascot search engine (version 2.6.2) together with the
NCBI sequence database with the homo sapiens taxonomy
(November 2016 with 97,105,869 total sequences/309,980 hu-
man sequences in the database) with the following parameters:
no fixed modifications; variable modifications = carbamido-
methyl (C), oxidation (M) and propionamide (C); peptide mass
tolerance = 4 ppm, fragmentmass tolerance = 0.4 Da,maximum
missed cleavages = 1; threshold score = MOWSE score >70.

ELISA

Proteoglycan-enriched samples (20 μg/ml) were probed
with primary antibodies against perlecan (clone A74, 2 μg/ml),
CS (clone CS-56, 2 μg/ml), or HS (clone 10E4, 2 μg/ml) as
previously described (49).

Fluorophore-assisted Carbohydrate Electrophoresis (FACE)

FACE was performed on proteoglycan-enriched samples
isolated from medium conditioned by M1 or M2-polarized
primary or THP-1 cells as previously described (75).

Turbidity assay

Proteoglycan-enriched samples from M1 or M2-polarized
THP-1 cells (0–25 μg/ml) were combined with 5 μg LDL in
a final volume of 100 μl containing 0.05 M CaCl2, pH 6 for
16 h at 37 �C. Measurement of the formation of insoluble
complexes was performed as previously described (9).

Quartz crystal microbalance with dissipation monitoring
(QCM-D)

A continuous flow of 0.1 ml/min and temperature of 37 �C
were applied throughout the experiments using a QCM-D
(Analyzer, Q-Sense). After a baseline was established with
10 mM PBS (pH 7.4, filtered and degassed), the sensor surfaces
were coated with 2 μg of macrophage proteoglycans, blocked
with bovine serum albumin (BSA, 2 mg/ml), washed with PBS,
and then exposed to 5 μg of LDL followed by an additional PBS
rinse. The binding of LDL was monitored by changes in fre-
quency (Δf) and dissipation (ΔD) at the fundamental frequency
as well as the 3rd–11th overtones and applied to the Voigt
viscoelastic model to determine bound mass. Nonspecific in-
teractions were monitored by adding LDL without pro-
teoglycans. Variations on this protocol included treatment of
fractions with either C’ase ABC (0.05 U/ml in 0.1 M Tris ac-
etate, pH 8) or HepIII (0.01 U/ml in PBS) for 16 h at 37 �C
prior to immobilization, the addition of polyclonal antibodies
against perlecan (CCN-1, 1:1000), biglycan (2.0 μg/ml), or
versican (2.0 μg/ml) following the immobilization of the
proteoglycan preparations to determine the involvement of
core protein in binding LDL, or the addition of 1 M NaCl after
the last PBS rinse to examine whether the LDL-proteoglycan
interaction was electrostatic.

Western blotting

Proteoglycan-enriched samples (5 μg/ml per lane) undi-
gested or digested with either or both HepIII (0.01 U/ml in
PBS) or C’ase ABC (0.05 U/ml in 0.1 M Tris acetate, pH 8) for
16 h at 37 �C were analyzed by western blotting using the
mouse monoclonal anti-perlecan antibody (clone E-6, 0.2 μg/
ml) as previously described (49).

Statistical analyses

Statistically significant differences were determined by one-
way analysis of variance (ANOVA) and the Tukey post-test
using GraphPad Prism. Data are expressed as mean ± stan-
dard deviation unless stated otherwise. Statistical significance
was accepted at p < 0.05 and indicated by * in the figures.

Data availability

Mass spectrometry data files used in this article are available
at MassIVE (https://massive.ucsd.edu/ProteoSAFe/static/
massive.jsp, project ID: MSV000086746). All other data are
contained within the article and supporting information.
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