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Background—Because the content of specific proteoglycans and apolipoproteins is increased in atherosclerotic plaques
and in vitro studies have suggested a role for proteoglycans in mediating plaque apolipoprotein (apo) retention,
immunohistochemistry was performed to systematically examine the relative locations of proteoglycans and apoli-
poproteins in human atherosclerosis.

Methods and Results-The spatial relationships of versican, biglycan, and apoE were compared on 68 human coronary artery
segments; apoA-l and apoB also were evaluated on an additional 20 segments. Nonatherosclerotic intima contained extensiv
deposits of versican, whereas deposits of apoE, apoB, and apoA-I were much less prevalent. In contrast, nearly all
atherosclerotic segments contained substantial deposits of biglycan, apoE, apoA-l, and apoB. There was a high degree o
colocalization of apoE and biglycan deposits. ApoA-I, the major apolipoprotein of HDL, and apoB also were detected in
regions with apoE and biglycan deposition. Exceptions to the localization of biglycan with apolipoproteins were found in
regions that lacked intact extracellular matrix because of necrosis or dense macrophage accumulation. In vitro studies
demonstrated that biglycan binds apoE-containing but not apoE-free HDL and that biglycan also binds LDL.

Conclusions—These results suggest that biglycan may bind apoE and apoB in atherosclerotic intima. They also raise the
possibility that apoE may act as a “bridging” molecule that traps apoA-I-containing HDL in atherosclerotic intima.
Taken together, these findings are consistent with the hypothesis that biglycan may contribute to the pathogenesis of
atherosclerosis by trapping lipoproteins in the artery w@irculation. 1998;98:519-527.)
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I n addition to the presence of smooth muscle and inflam- by macrophage®;*® especially those that have accumulated
matory cells, hallmarks of the atherosclerotic plaque are excess lipid? ApoE also has been shown to bind cell-surface
accumulations of lipid and of extracellular matrix molecules heparan sulfate proteoglycans in vitfoHowever, it is not
such as proteoglycans (reviewed in Reference 2). In the pastknown whether apoE colocalizes with specific extracellular
few years, substantial evidence has been obtained for inter-matrix molecules in atherosclerosis.

actions between lipoproteins and proteoglycans in the patho- Also, a consistently reported change in arterial proteoglycans
genesis of atherosclerosis (reviewed in Reference 3). In vitro, during the progression of atherosclerosis is an increase in
chondroitin sulfate proteoglycans bind, via ionic interactions, dermatan sulfate proteoglycaris? including biglycan’? a

to LDL,* and lipoprotein/proteoglycan complexes are inter- Ssmall, leucine-rich proteoglycan of unknown function. The
nalized and degraded by both macrophégesid SMCS.In purpose of the present investigation was to determine whether
vivo, apoB and chondroitin sulfate have been shown to the extensive deposits of apoE found in human atherosclerotic
colocalize in the injured intima of rabbits,and apoB/ lesions were associated with deposits of specific proteoglycans.
chondroitin sulfate proteoglycan complexes have been eluted The results demonstrate that apoE is localized to regions of the

from human atherosclerotic lesioHs. plague enriched with biglycan and that apoA-I and apoB also are
Recently, other apolipoproteins, such as ap&Eand colocalized to regions with deposits of apoE and biglycan.

apoA-I}*and other proteoglycans, such as bigly&amsmall

dermatan sulfate proteoglycan, also have been detected in Methods

human atherosclerotic plaques. Several lines of evidence 4 man Coronary Arterial Tissue

suggest roles for these molecules in atherogenesis. ApOE iSquman coronary arterial segments were obtained from hearts re-
abundant in human lesions, where it may be expressed locallymoved from 24 patients at the time of cardiac transplantation. The
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idase substrate, yielding a black reaction product. Slides were
Selected Abbreviations and Acronyms counterstained with methyl green. Negative controls included sub-
apo = apolipoprotein stitution of primary antiserum or antibody with PBS, isotype-
GMSA = gel mobility shift assay matched irrelevant monoclonal antibodies, or normal rabbit serum.
HDL;—E = HDL; that lacked apoE
HDL;+E = HDL, that contained apoE Lipoprotein and Proteoglycan Isolation
SMC = smooth muscle cell and GMSA
TGF = transforming growth factor ) )
Lipoproteins

HDL; (d=1.125 to 1.210) was isolated by sequential density-
coronary arteries were dissected from the surface of the hearts andgradieFthuItracentIrifugation frodm p'f’_‘;mda obte_lirf}i(jj'y;om; pool of 6
laced in 10% neutral buffered formalin within 2 hours of organ normal human volunteers, as described previo yzed exten-
b . 9 sively against 50 mmol/L imidazole buffer (pH 6.7) at 4°C, and

excision, and segments of these coronary arteries then were embed d (Centri 100 Ami T E -
ded in paraffin. Collection and use of these tissues were approved byconcentrate (Centriprep » Amicon). To remove apoE-containing

the University of Washington Human Subjects Review Committee. Particles, the HDL was passed through a 50 mmol/L imidazole
Coronary artery segments used in this study were classified accord-Puffer—equilibrated heparin-Sepharose column. KBE was eluted

ing to morphological criteria rather than by the primary diagnosis (ie, With 1.0 mol/L NaCl. H°D|€+E_and HDL—E preparations were
ischemic or nonischemic cardiomyopathy) of the patients from dialyzed extensively at 4°C against _150 mmoI/LoNqCI and 1 mmol/L
whom the segments had been obtained. Atherosclerotic regions wereEDTA (PH 7.4) and stored under nitrogen at 4°C in the dark.
defined by the presence of luminal narrowing due to regional LD_L(d:1.019 to 1.063_) was isolated by preparative ultracentrif-
accumulation of cholesterol, foam-cell and non—foam-cell macro- ugation of plasma obtained from a pool of 6 normal human
phages, and the presence of fibrous caps, whereas nonatheroscleroti¥olunteers, as described previoudly. DL was dialyzed extensively
regions were defined by the presence of intimal thickening due to the &t 4°C in the dark against 150 mmol/L NaCl and 1 mmol/L EDTA
accumulation of SMCs and matrix protefiisntimal thickeningisa ~ (PH 7.40) before its use in the lipoprotein-proteoglycan binding
characteristic morphological feature of human coronary artéries. assay described later. The presence or absence of apoB and apoE in
the first phase of the study, versican, biglycan, and apoE were the HDL; preparations was confirmed by SDS-PAGE and Western
examined in a total of 68 coronary arterial segments obtained from Plotting using either the mouse anti-apoB antibody (MB-47; ti-
14 patients (9 with ischemic and 5 with nonischemic cardiomyopa- t€r=1:2000) or the goat anti-apoE antiserum (titér1000).

thies), and in the second phase of the study, versican, biglycan, apoE, .

apoA-l, and apoB were examined in a total of 20 coronary arterial Biglycan Isolation _

segments obtained from 8 patients (2 with ischemic and 6 with Biglycan was prepared from cultured human arterial SMCs metabol-

nonischemic cardiomyopathies). ically labeled with®*S-labeled N80, as described previousH.
Briefly, cell medium was concentrated on DEAE-Sephacel minicol-

Immunohistochemistry umns equilibrated in 8 mol/L urea, 0.25 mol/L NaCl, and 0.5%
CHAPS. The®S-labeled proteoglycans were eluted with 8 mol/L

Antibodies and Antisera urea, 3 mol/L NacCl, and 0.5% CHAPS and applied to a Sepharose

Rabbit antisera directed against the core proteins of biglycan and CL-2B column equilibrated in 8 mol/L urea and 0.5% CHAPS.
versican were used on sections pretreated with chondroitinase ABC Radiolabeled proteoglycans eluting<at, 0.55 to 0.8 were pooled for
(Sigma Chemical Co) to remove chondroitin and dermatan sulfate biglycan. Purity of the biglycan was assessed by SDS-PAGE and
chains? For biglycan, a rabbit polyclonal anti-biglycan antiserum (a Western blotting.

kind gift of Dr Larry Fisher, NIH) was used at a titer of 1:600 for

immunohistochemistry. Specificity of the antiserum for immunohis-  Gel Mobility Shift Assay

tochemistry was confirmed by (1) the presence of a single band at the The interaction between biglycan and either HBE, HDL,—E, or
molecular weight of biglycan on Western blot of human aortic DL was investigated by a GMSABefore the assay, tHéS-labeled
atherosclerotic plaque and (2) abolition of positive staining by biglycan and lipoprotein preparations were dialyzed extensively at
preabsorption of the antiserum with biglycan. For versican, a 4°C against 10 mmol/L HEPES, 150 mmol/L NaCl, 5 mmol/L
polyclonal anti-versican antiserum had been generated previously by CaCl, 2 mmol/L MgCl, (pH 7.4; buffer A), and the protein
immunization of rabbits with recombinant human versican and was concentrations were determined (BioRad Laboratories) with bovine
affinity-purified by absorption to a column containing synthetic ,_globulin as the standard.

peptides corresponding to the VC-E region of the human versican  |ncreasing concentrations of lipoprotein were incubated wig900
core proteirf’ The affinity-purified anti-versican antiserum was used  gpm o0f**S-labeled biglycan0.4 ug glycosaminoglycan) for 1 hour at
for immunohistochemistry at a titer of 1:800. This antiserum was a 37°C in a total volume of 2L of buffer A. It should be noted that
kind gift of Drs Richard LeBaron (University of Texas at San pyffer A, used both for dialysis and for incubation of biglycan and
Antonio) and Erkki Ruoslahti (La Jolla Cancer Research Center, La jipoproteins, was adjusted to physiological pH and contains physiolog-
Jolla, Calif). ApoB was detected with a mouse monoclonal antibody jca| concentrations of salt. Three microliters of bromphenol blue:glyc-
(MB-47, titer=1:500), and apoE was detected with a goat polyclonal (g (1:1 vol/vol) was added to the samples, angi2Ovas loaded into
antiserum (titer-1:3000) as described previoushf ApoA-l was el of 0.7% NuSieve (FMC BioProducts) agarose gels, which were
detected with a goat polyclonal anti-apoA-I antiserum (ti- prepared on Gel-Bond film (FMC BioProducts). Electrophoresis was
ter=1:10 000, kind gift of Dr John F. Oram, University of Wash- 1n at 60 V for 3 hours in a cold room with recirculation of buffer
ington) that had been characterized previously as monospecific for (10 mmol/L HEPES, 2 mmol/L Cagl4 mmol/L MgCh, pH 7.20). Gels
apoA-I compared with apoB, E, A-ll, and A-IV by Western bfet.  \yere fixed in 0.1% cetylpyridinium chloride in 70% ethanol for 90

Mouse monoclonal antibodies used for cell-type identification in-  inutes air-dried. and exposed to Hyper Film-MP (Amersham Life
cluded (1) anti-smooth muscddeactin (Dako Corp), used at a titer of Science’s) at—70°(’:.

1:500 to identify SMC® and (2) HAM-56 (a kind gift of Dr Allen
Gown, University of Washington), used at a titer of 1:10 to identify

macrophage. Statistical Analysis _
Categorical data were analyzed by useydfanalyses with Yates’
Immunohistochemistry correction when cell sizes were5. Analyses were performed with

Immunohistochemistry was performed as described previdti€ly. Epi Info version 6.02 (Centers for Disease Control and Prevention).
3,3-Diaminobenzidine with nickel chloride was used as the perox- The level of significance was set Bt 0.05.
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Figure 1. Proteoglycans in nonatherosclerotic coronary intima. Sections are shown of a coronary arterial segment immunostained for
versican (A) or biglycan (B). Locations of internal and external elastic laminae are indicated by arrowheads. Deposits of versican are
present in both adventitia and media, but most prominent staining for versican is an intense band of immunostaining immediately adja-
cent to endothelial cells at arterial lumen (A). Deposits of biglycan are detected primarily in adventitia, immediately adjacent to external
elastic lamina, and scanty deposits also are present in media (B). Magnification X40; methyl green counterstain.

Results arterial segment (data not shown) and were rarely detected in

- . the nonatherosclerotic segments.
Localization of Proteoglycans in

Nonatherosclerotic Regions __Biglycan, Versican, and ApoE Deposits in

In nonatherosclerotic arteries (Figure 1), scattered deposits of aotherosclerotic Plagues

versican were detected in the adventitia and media (Figure | atherosclerotic plaques, there was striking colocalization of
1A). The most prominent versican staining was seen in the deposits of biglycan (Figure 2A) and apoE (2B). Biglycan
intima, immediately adjacent to the arterial lumen (1A). In  deposits were most prominent in areas with matrix charac-
contrast, distinct biglycan immunostaining was detected pri- terized on hematoxylin-eosin staining by a pale, homoge-
marily in the adventitia, immediately adjacent to the external neous appearance in which the intimal staining patterns for
elastic lamina (1B). Biglycan deposits also were detected biglycan and apoE appeared to be nearly identical.
occasionally in the media and intima of nonatherosclerotic ~ Versican staining also was increased in amount in athero-
segments. Apolipoproteins were not detected in this normal sclerotic plaques (Figure 2C). In contrast to the findings for

B

B. apoE

Figure 2. Colocalization of apoE with biglycan in atherosclerotic coronary intima. In atherosclerotic intima (A through D, bottom),
extensive deposits of biglycan (A), apoE (B), and versican (C) are present. Immunostaining for biglycan (A) and apoE (B) reveals striking
colocalization of these molecules. In contrast, although occasional areas have colocalized apoE and versican (B and C, right), for the
most part, distributions of apoE and versican are different. Also, top portions show a nonatherosclerotic region that does not contain
deposits of either biglycan (A) or apoE (B) but that does have a subendothelial accumulation of versican (C). Immunohistochemistry
with control, normal rabbit serum (D) shows no specific immunostaining. Magnification X40; methyl green counterstain.
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biglycan, only occasional areas were found in which versican first set of 68 segments was divided into 4 quadr&h®f. 256
colocalized with apoE, and more typically, versican and apoE quadrants suitable for analysis, 98 were classified as nonath-
had different distributions (Figure 2B versus 2C). Nonintimal erosclerotic and 158 were classified as atherosclefbtic.
proteoglycan distributions were similar in atherosclerotic and Versican deposits were detected in the intima of all nonath-
nonatherosclerotic arteries, with biglycan present in the erosclerotic quadrants, whereas the prevalences of biglycan
adventitia immediately adjacent to the external elastic lamina and apoE deposits in nonatherosclerotic quadrants were
and versican present in both the media and adventitia. <50% (Figure 5A) In contrast, the vast majority of athero-

. sclerotic quadrants contained deposits of versican, biglycan,
ApoA-I and ApoB Also Are Present in and apoE. This analysis suggests that the deposits of biglycan

Biglycan-Containing ReQ'.OnS and of apoE are characteristic of atherosclerotic compared
The source of apoE present in plaques could be plaque macro-

- - -~ with nonatherosclerotic intima. A similar analysis was per-
phages, which previously have been shown to SyntheSIZeformed for proteoglycan and apolipoprotein distributions in
apoE*?*However, several lipoproteins contain apoE, including P gy polipop

VLDL and their remnants, as well as a subset of HDL. In the second set of 20 atherosclerotic segments. Of 80 quad-

addition, in vitro studies have demonstrated that dermatan "aNts suitable for analysis, 30 were classified as nonathero-
sulfate proteoglycans bind ap382 Thus, to determine whether ~ SClerotic and 50 were classified as atheroscler8tibgain,
apolipoproteins other than apoE might also colocalize with Versican deposits were detected in all nona_therosc_lerohc
biglycan and/or versican deposits, a second series of 20 arterigdluadrants, whereas the prevalences of deposits of biglycan
segments obtained from 8 patients was examined with antibod-a8nd of all 3 apolipoproteins were50% (Figure 5B). In
ies or antisera to apoE, apoB, apoA-I, biglycan, and versican. contrast, the vast majority of atherosclerotic quadrants con-
Although both biglycan and versican were present in tained deposits of both proteoglycans and of all 3 apolipopro-
atherosclerotic intima, they very often were present in dis- t€ins, again suggesting that deposits of biglycan, apoE,
tinctly different distributions (Figure 3C and 3D), which apoA-l, and apoB are characteristic of atherosclerotic com-
allowed more definitive characterization of the relationships pared with nonatherosclerotic intima.
of these proteoglycans to apolipoproteins. Accumulations of
biglycan frequently were present in locations devoid of In Vitro Analysis of ApoE, ApoA-I, and ApoB
versican, and not only apoE but also apoA-I and apoB often Interactions With Biglycan
colocalized with biglycan (F@gure 3). Occasional areas wit_h Binding of HDL to Biglycan Is Mediated by ApoE Rather
apoE and apoA-I accumulation lacked detectable apoB (Fig- Than by ApoA-I
ure 3G, top and right), but this finding could be due to several The immunohistochemical colocalization of apoE and apoA-|
factors, including (1) lower sensitivity for epitope detection in atherosclerotic plaques could result from high-affinity
of the apoB antibody compared with the apoE and apoA-l pinding to biglycan of apoE, apoA-l, or both. However,
antisera, (2) degradation of the epitope of the apoB antibody pecause all HDLs contain apoA-I but only a subset of HDLs
on trapped LDL, and/or (3) displacement of apoB from 550 contain apoE, the interaction of apoA-1 compared with
intimal LPL by apoE apoE with biglycan was investigated in vitro by use of either
HDL,;+E or HDL;—E in a GMSA? In the GMSA, proteo-
glycans that are bound to lipoproteins remain at the origin of
Infiltration and Necrotic Cores the gel, whereas unbound proteoglycans migrate into the gel.

35 H
Areas of necrosis and dense macrophage infiltration con- >-labeled biglycan bound to HREE, as demonstrated by

tained apolipoproteins but not biglycan and versican, which the increasing intensity of the band at the origin of the gel
are components of intact extracellular matrix (Figure 4). With increasing concentrations of HDEE (Figure 6A).
However, biglycan immunostaining was particularly promi- There was no formation of biglycan complexes with
nent in the extracellular matrix immediately adjacent to areas HDLs:—E, as demonstrated by migration of all of the radio-
of macrophage infiltration. Versican immunostaining often labeled biglycan into the gel, despite increasing concentra-
was present in these regions but was not as extensive as thations of HDLs—E (Figure 6B). These in vitro results indicate
for biglycan. ApoE, A-l, and B colocalized with biglycan in  that the interaction of biglycan with HDL is mediated by
regions with intact extracellular matrix proteins (as identified apoE rather than by either apoA-I or apoA-Il.

by Gomori's trichrome staining), but the apolipoproteins also
were present in regions with necrosis and in association with
macrophages (Figure 4). The proximity of biglycan and
versican to macrophage infiltrates raises the possibility that

macrophage-derived cytokines might act in a paracrine fash- apoE l\;v 'ﬂ:j biglycan seen |fnL||:r)rIl_mungh ||stochemi|1(.:arl1 studllgs
ion to stimulate biglycan and/or versican production by mig _t € aue to rgtentlon_o on biglycan, which wou
adjacent SMCs. require a direct interaction of apoB and biglycan, or to

retention of apoB- and apoE-containing remnant lipopro-
Distributions of Proteoglycans and Apolipoproteins teins¥3¢In the latter case, interaction of remnant lipoproteins
in Nonatherosclerotic and Atherosclerotic with biglycan might be mediated by apoE and not require a
Coronary Segments specific interaction with apoB. HowevetS-biglycan also
To characterize the distribution of proteoglycans and apoE in bound to LDL (Figure 7). These in vitro results confirm that
nonatherosclerotic and atherosclerotic segments, each of thebiglycan can interact with apoE-free lipoproteins that contain

Characterization of Proteoglycans and
Apolipoproteins in Areas of Macrophage

Binding of LDL to Biglycan
The ability of apoB to interact directly with biglycan in vitro

was investigated to determine whether the colocalization of
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B. macrophage

C. ﬂglycan % D. apoE
&,ﬁ re, V4 ¥

G B Figure 3. Differential distributions of versican and biglycan and colocal-

. apo ization of apolipoproteins E, A-l, and B with biglycan in atherosclerotic
coronary intima. With Gomori’s trichrome stain, cells (including medial
and intimal SMCs and macrophages) are stained red, and extracellular
matrix proteins are stained green (A). Intima of this segment is thick-
ened and composed of both collagen-rich (green stain) and collagen-
poor (unstained) regions. A small area of dense macrophage infiltration
also is present (B, left). Deposits of biglycan (C) and versican (E) are
present throughout intima, but there is little overlap in distributions of
these 2 proteoglycans. ApoE (D) and apoA-I (F) colocalize with biglycan

3 (C) in intima but not versican (E). When detected, apoB (G, left) colocal-

& izes with biglycan (C, left), although some regions with biglycan (C, top

i and right) lack apoB (G, top and right). There is no colocalization of

apoB (G) with versican (E). Magnification X40. Gomori’s trichrome stain
(A) or methyl green counterstain (B through G).

apoB, ie, LDL. Furthermore, the apoB concentrations in Discussion

serum and peripheral lymph of normolipidemic controls Atherosclerotic intima of pig&*°pigeons® and human'§*
range from 0.75 to 1.0 mg/dL and 0.06 to 0.08 mg/dL, is enriched in chondroitin sulfate and dermatan sulfate pro-
respectively¥’ Thus, the lipoprotein concentrations used in teoglycans. This study demonstrates that, in human athero-
these GMSAs probably can be achieved in interstitial tissues sclerotic plaques, regions enriched in the dermatan sulfate
such as the artery wall. proteoglycan biglycan contain apolipoproteins E, A-l, and B.
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Figure 4. Apolipoproteins E, A-l, and B also are present in
necrotic cores and in regions of dense macrophage infiltration.
This series of higher-power photomicrographs demonstrates an
atherosclerotic plaque region that contains a necrotic core and
its surrounding dense macrophage infiltrate. Gomori’s stain (A)
demonstrates location of media (stained red, lower left, A),
regions with intact extracellular matrix proteins (green stain, A),
and absence of intact extracellular matrix in center of necrotic
core (absence of green stain, center, A). Macrophages are pres-
ent immediately adjacent to as well as within necrotic core (B).
Both biglycan (C) and versican (E) are present in areas of intact
extracellular matrix immediately adjacent to rim of macrophages
that surrounds necrotic core. Apolipoproteins are present in
regions of biglycan deposition (comparison of D, F, and G with
C and E), but apolipoproteins also are present in regions that
contain biglycan but lack versican (compare upper left and
lower right portions of D, F, and G with same regions in C and E). Apolipoproteins (D, F, and G) also are present in regions of frank
necrosis (A, center) and dense macrophage infiltration (B), which lack an intact extracellular matrix and therefore lack biglycan (C) and
versican (E). Magnification X100. Gomori’s trichrome stain (A) or methyl green counterstain (B through G).

The study also demonstrates, using the in vitro GMSA, that responsible for the abundant extracellular apoE deposits also
biglycan interacts with both apoE and apoB but not with characteristic of this diseas&'? These findings also raise the
apoA-l or apoA-Il. These observations raise the possibility possibility that apoE acts as a bridging molecule between
that specific proteoglycans that accumulate in atherosclerosis,biglycan and HDL particles, thereby mediating retention of a
especially biglycan, might bind apoE and thereby be partially subset of HDL in plaques. Furthermore, the localization of
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g HDL protein (mg/ml)
§ Figure 6. ApoE is required for interaction of biglycan and HDL;.
- Autoradiograph of an agarose gel from a GMSA, in which 3°S-
2 labeled biglycan (2x10° dpm) had been incubated with increas-
§ ing concentrations (as mg/mL of protein) of either human
= HDL;+E (A) or HDL;—E (B) for 1 hour at 37°C before electro-
phoresis. Radiolabeled biglycan complexed with HDL; is
Versican  Biglycan ApoE ApoA-| ApoB retained at origin. In the absence of an interaction with HDL,,
unbound biglycan migrates into gel and is detected as a band
at solvent front. In the presence of increasing concentrations of
% P<.001 for non-atherosclerotic vs. atherosclerotic HDL;+E, progressively greater amounts of radiolabeled biglycan
are retained at origin of gel, indicating formation of complexes
Figure 5. Prevalences of proteoglycan and apolipoprotein between HDL,+E and biglycan (A). In contrast, despite addition
deposits in 2 sets of nonatherosclerotic and atherosclerotic of progressively increasing concentrations of HDL;—E, biglycan
plague quadrants. A, Percentages (from first group of 68 seg- remains free to enter gel (Figure 6B), demonstrating that interac-
ments) of nonatherosclerotic and atherosclerotic quadrants that tion of HDL; with biglycan requires apoE.
contained deposits of versican, biglycan, and apoE. Versican
deposits were detected in all nonatherosclerotic and atheroscle-
rotic quadrants. Statistically significant differences in preva- chains of biglycarf Increased glycosaminoglycan chain length is
'e”‘t’es bet"‘;ee”d”?”att)'?elrosc'erOt'C1%gd7gth3fg<38:°t'c guad-E found in proteoglycans extracted from atherosclerosis-susceptible
g}n:i ;V; %88’0;20_0061)_'%Yf;égltages' (fr‘om se'con()j Zr:ouappgf arte_ri_es, anq inqreased _glyc_osgminoglycgn chain length correlates
20 segments) of nonatherosclerotic and atherosclerotic quad- positively with lipoprotein binding capacityTherefore, plaque-

rants that contained deposits of versican, biglycan, apoE,
apoA-|, and apoB. Versican deposits were detected in all non-

atherosclerotic and atherosclerotic quadrants. Significant differ- ]
ences were found between nonatherosclerotic and atheroscle- 5 d '. “—Bound
rotic quadrants in prevalences of biglycan (x>=46.96, P<<0.001),

apoE ({?=60.31, P<0.001), apoA-I (*=63.96, P<0.001), and
apoB (¥*=58.11, P<0.001).

apoB along with apoE to biglycan-enriched regions raises the

possibility that biglycan also may mediate accumulation of .

remnant lipoproteins and LDL. ‘ . . u u " “—Free
Biglycan is one of several proteoglycans found in human

atherosclerotic plaqués?? Biglycan consists of a 38-kDa

core protein with 2 dermatan sulfate side chdmd#n

increased content of dermatan sulfate has been demonstratec

in both primary and restenotic human atherosclerotic le- ]

sions!***- and dermatan sulfate binds avidly to lipopro- LDL Protein (mg/ml)

teins®* This interaction is believed to be mediated by Figure 7. Biglycan interacts with LDL. Autoradiograph of aga-

electrostatic interaction of the negatively charged dermatan rose gel from a GMSA, in which *S-labeled biglycan (2x10?

sulfate with the positively charged amino acids of apolipopro- dpm) had been incubated with increasing concentrations (as

- 4445 - . . . mg/mL of protein) of human LDL for 1 hour at 37°C before elec-
teins“**and is one mechanism by which biglycan and apoE trophoresis. Radiolabeled biglycan that has formed a complex

might colocalize in plagues. with LDL is retained at origin. In the absence of an interaction
Biglycan is synthesized by arterial SMs8in which exposure between LDL and biglycan, unbound biglycan migrates into gel
to the growth factor TG|B149,50 leads to upregulation of the gnd is c.jetected as a pand at solvent front. Iln the presence of
; . . increasing concentrations of LDL, progressively greater amounts
synthesis of biglycan mRNA and protéinExposure to either  of radiolabeled biglycan are retained at origin of gel, indicating
TGF8, or PDGF induces elongation of the glycosaminoglycan formation of complexes between LDL and biglycan.

0 0.01 0.025 0.05 0.10 0.25 0.50
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associated cytokines such as T@F*? might facilitate these

and HL-47151 (Dr Alpers) from the National Institutes of Health;

associations by virtue of increasing the amount of biglycan core 94-WA-518R (Dr O'Brien) and 96-WA-304 (Dr O'Brien) from the

protein produced and/or increasing glycosaminoglycan chain
length. It also is noteworthy that TGE- has been shown to
stimulate secretion of apoE by macrophagdhus, biglycan and

American Heart Association/Washington Affiliate; and from Bayer

AG (Drs Wight and Chait). The authors gratefully acknowledge the
technical assistance of Kimli Eng, Randy Small, Susan Rozell, and
Dr Susan Potter-Perigo; statistical advice from Dr John Hokanson;

apoE might associate as a consequence of close temporal and spatiahd the assistance of Ginger Hays in manuscript preparation.

secretion by SMCs and macrophages, respectively, in response to a
common stimulus (eg, TGBy).

The finding that the chondroitin sulfate proteoglycan ver- 1.
sican only occasionally colocalizes with apoE and apoB
suggests a degree of specificity for biglycan in mediating
apolipoprotein retention. Versican, a large, interstitial chon-
droitin sulfate proteoglycan synthesized by SMCis, pres-
entin vascular tissue and is enriched in human atherosclerotic ™
lesions. Recently, a study of balloon-injured rabbit arteries
found immunohistochemical colocalization of apoB and
chondroitin sulfate in intima immediately below regenerated >
endothelium but not in noninjured intimd.However, the
present study demonstrates that apoB localizes predominantly g
to regions with biglycan rather than versican, suggesting that
biglycan may play a major role in the accumulation of apoB
in atherosclerotic lesions.

Another surprising observation of this study is that exten-
sive regions of apoA-l immunostaining in atherosclerotic
plaques frequently localize to regions of biglycan deposition
and apoE accumulation. The observation that apoA-l is
present in atherosclerotic plagues confirms the findings of
another study and has important implications. First, it
demonstrates that lipoprotein retenfioim atherosclerotic
extracellular matrix includes not only “atherogenic” lipopro-
teins, such as LDL and VLDL remnants, but also HDL.
Second, it raises the question of how apoA-I retention might
be mediated. One possibility is that apoA-I might interact
directly with biglycan. However, in vitro studies using the
GMSA failed to demonstrate an interaction between biglycan
and apoE-free HDL, arguing against a direct interaction 12.
between apoA-I and biglycan. Instead, these results are more
consistent with an interaction between apoE and biglycan,
which results in the apparent colocalization of apoA-I
through either or both of the following mechanisms: (1)
apoE-containing HDL particles interacting with biglycan or
(2) non—apoE-containing HDL particles associating with 14
apoE that has been produced locally, eg, by macrophages, and
then interacting with biglycan.

Finally, VLDL remnants, which contain both apoE and
apoB, have been detected in atherosclerotic pla&i&shus,
VLDL remnants are a potential source of some plaque-
associated apoE, because this study found that apoB oftent6-
localized to apoE-containing regions.

In conclusion, this study documents colocalization of 7.
biglycan with apoE, apoA-I, and apoB deposits in atheroscle-
rotic plagues. The study also demonstrates that apoA-I and
apoB colocalize with biglycan in atherosclerosis. These
results suggest that biglycan may trap not only apoE and its
associated lipid but also VLDL remnants, LDL, and HDL in
atherosclerotic intima.

2.

3.

9.

10.

13.

15.

19.

20.

Acknowledgments
This work was supported in part by grants DK-02456 (Drs O'Brien,
Wight, and Chait), HL-02788 (Dr O’Brien), HL-18645 (Dr Chait),

21.

References
O'Brien KD, Chait A. The biology of the arterial wall in atherogenesis.
Med Clin North Am 1994;78:41-67.
Wight TN. Cell biology of arterial proteoglycanarteriosclerosis 1989;
9:1-20.
Williams KJ, Tabas I. The response-to-retention hypothesis of early
atherogenesidArterioscler Thromb Vasc Bioll995;15:551-561.

4. Camejo G, Fager G, Rosengren B, Hurt-Camejo E, Bondjers G. Binding

of low density lipoproteins by proteoglycans synthesized by proliferating
and quiescent human arterial smooth muscle célBiol Chem 1993;
268:14131-14137.

Hurt E, Bondjers G, Camejo G. Interaction of LDL with human arterial
proteoglycans stimulates its uptake by human monocyte-derived macro-
phagesJ Lipid Res 1990;31:443—-454.

Hurt-Camejo E, Camejo G, Rosengren Bpea F, Ahlstrom C, Fager G,
Bondjers G. Effect of arterial proteoglycans and glycosaminoglycans on
low density lipoprotein oxidation and its uptake by human macrophages
and arterial smooth muscle celfsterioscler Thromb1992;12:569-583.

7. Vijayagopal P, Srinivasan SR, Xu JH, Dalferes ER Jr, Radhakrishnamurthy

B, Berenson GS. Lipoprotein-proteoglycan complexes induce continued cho-
lesteryl ester accumulation in foam cells from rabbit atherosclerotic lesions.
J Clin Invest 1993;91:1011-1018.

8. Ismail NA, Alavi MZ, Moore S. Isolation of lipoprotein-proteoglycan

complexes from balloon catheter deendothelialized aortas and the uptake
of these complexes by blood monocyte-derived macroph#&gekology
1994;26:145-153.

Ismail NA, Alavi MZ, Moore S. Lipoprotein-proteoglycan complexes
from injured rabbit aortas accelerate lipoprotein uptake by arterial smooth
muscle cellsAtherosclerosis1994;105:79—-87.

Galis ZS, Alavi MZ, Moore S. Co-localization of aortic apolipoprotein B
and chondroitin sulfate in an injury model of atherosclerogim J
Pathol 1993;142:1432-1438.

. Hoff HF, Clevidence BA. Uptake by mouse peritoneal macrophages of

large cholesteryl ester-rich particles isolated from human atherosclerotic
lesions.Exp Mol Pathol 1987;46:331-344.

O'Brien KD, Deeb SS, Ferguson M, McDonald TO, Allen MD, Alpers
CE, Chait A. Apolipoprotein E localization in human coronary athero-
sclerotic plaques by in situ hybridization and immunohistochemistry and
comparison with lipoprotein lipasém J Pathol 1994;144:538-548.
Rosenfeld ME, Butler S, Ord VA, Lipton BA, Dyer CA, Curtiss LK,
Palinski W, Witztum JL. Abundant expression of apoprotein E by mac-
rophages in human and rabbit atherosclerotic lesighiserioscler
Thromh 1993;13:1382-1389.

Bedossa P, Poynard T, Abella A, Paraf F, Lemaigre G, Martin E. Local-
ization of apolipoprotein A-l1 and apolipoprotein A-Il in human athero-
sclerotic arteriesArch Pathol Lab Med1989;113:777-780.

Riessen R, Isner JM, Blessing E, Loushin C, Nikol S, Wight TN.
Regional differences in the distribution of the proteoglycans biglycan and
decorin in the extracellular matrix of atherosclerotic and restenotic human
coronary arteriesAm J Pathol 1994;144:962-974.

Ji ZS, Fazio S, Lee YL, Mahley RW. Secretion-capture role for apoli-
poprotein E in remnant lipoprotein metabolism involving cell surface
heparan sulfate proteoglycarkBiol Chem 1994;269:2764-2772.
Stevens RL, Colombo M, Gonzales JJ, Hollander W, Schmid K. The
glycosaminoglycans of the human artery and their changes in atheroscle-
rosis.J Clin Invest 1976;58:470—-481.

18. Wagner WD, Salisbury BG. Aortic total glycosaminoglycan and

dermatan sulfate changes in atherosclerotic rhesus monkalydnvest
1978;39:322-328.

Murata K, Yokoyama Y. Acidic glycosaminoglycans in human athero-
sclerotic cerebral arterial tissuestherosclerosis1989;78:69—79.

Wasty F, Alavi MZ, Moore S. Distribution of glycosaminoglycans in the
intima of human aortas: changes in atherosclerosis and diabetes mellitus.
Diabetologia 1993;36:316—-322.

Gordon D, Reidy MA, Benditt EP, Schwartz SM. Cell proliferation in
human coronary arterieBroc Natl Acad Sci U S AL1990;87:4600—4604.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lark MW, Yeo TK, Mar H, Lara S, Hellstrom I, Hellstrom KE, Wight
TN. Arterial chondroitin sulfate proteoglycan: localization with a mono-
clonal antibody.J Histochem Cytocheni988;36:1211-1221.

LeBaron RG, Zimmermann DR, Ruoslahti E. Hyaluronate binding prop-
erties of versicanJ Biol Chem 1992;267:10003-10010.

O'Brien KD, Reichenbach DD, Kuusisto J, Ferguson M, Alpers CE, Otto
CM. Apolipoproteins B, (a), and E accumulate in the morphologically
early lesion of “degenerative” valvular aortic stenosisterioscler
Thromb Vasc Biol1995;16:523-532.

Mendez AJ, Anatharamaiah GM, Segrest JP, Oram JF. Synthetic amphi- 42.

pathic helical peptides that mimic apolipoprotein A-l in clearing cellular
cholesterolJ Clin Invest 1994;94:1698-1705.

Skalli O, Ropraz P, Trzecia K, Benzonana G, Gillessen D, Gabbiani G. A 43,

monoclonal antibody against gamma-smooth muscle actin: a new probe
for smooth muscle differentiatiod. Cell Biol. 1986;103:2787-2796.

Gown AM, Tsukada T, Ross R. Human atherosclerosis, II: immunocy-
tochemical analysis of the cellular composition of human atherosclerotic 44
lesions.Am J Pathal 1986;125:191-207.

O’Brien KD, Gordon D, Deeb SS, Ferguson M, Chait A. Lipoprotein
lipase is synthesized by macrophage-derived foam cells in human coro- 45
nary atherosclerotic plaque3.Clin Invest 1992;89:1544—-1550.

Duell PB, Oram JF, Bierman EL. Nonenzymatic glycosylation of HDL
and impaired HDL-receptor-mediated cholesterol effiDiabetes 1991;
40:377-384.

Lindgren FT, Jensen LC, Hatch FT. The isolation and quantitative anal-
ysis of serum lipoproteins. In: Nelson GJ, €lantitation, Composition,
and MetabolismNew York, NY: John Wiley & Sons; 1972:181-274.
Chang Y, Yanagishita M, Hascall VC, Wight TN. Proteoglycans syn-
thesized by smooth muscle cells derived from monkigjagaca nem-
estring aorta.J Biol Chem 1983;258:5679-5688.

Iverius PH. The interaction between human plasma lipoproteins and connective
tissue glycosaminoglycandBiol Chem 1972;247:2607-2613.

Sambandam T, Baker JR, Christner JE, Ekborg SL. Specificity of the low
density lipoprotein-glycosaminoglycan interactiduterioscler Thromb
1991;11:561-568.

Saxena U, Ferguson E, Bisgaier CL. Apolipoprotein E modulates low
density lipoprotein retention by lipoprotein lipase anchored to the suben-
dothelial matrix.J Biol Chem 1993;268:14812-14819.

Rapp JH, Lespine A, Hamilton RL, Colyvas N, Chaumeton AH, Tweedie-
Hardman J, Kotite L, Kunitake ST, Havel RJ, Kane JP. Triglyceride-rich
lipoproteins isolated by selected-affinity anti-apolipoprotein B immuno-
sorption from human atherosclerotic plagéeterioscler Thromb1994;
14:1767-1774.

Chung BH, Tallis G, Yalamoori V, Anantharamaiah GM, Segrest JP.
Liposome-like particles isolated from human atherosclerotic plaques are
structurally and compositionally similar to surface remnants of triglycer-
ide-rich lipoproteinsArterioscler Thromb1994;14:622—635.

Reichl D, Myant NB, Pflug JJ. Concentration of lipoproteins containing
apolipoprotein B in human peripheral lympBiochim Biophys Acta
1977;489:98-105.

Hoff HF, Wagner WD. Plasma low density lipoprotein accumulation in
aortas of hypercholesterolemic swine correlates with modifications in aortic
glycosaminoglycan compositioAtherosclerosis1986;61:231-236.
Yla-Herttuala S, Pesonen E, Kaprio E, Rapola J, Soveri T, Viikari J,
Savilahti E, Oksanen H, Nikkari T. Effect of repeated endotoxin treatment

40.

41.

46.

47.

48.

49.

50.

51.

52.

53.

54.

O’Brien et al August 11, 1998 527

and hypercholesterolemia on preatherosclerotic lesions in weaned pigs, II:
lipid and glycosaminoglycan analysis of intima and inner me@ltaero-
sclerosis 1988;72:173-181.

Steele RH, Wagner WD. Lipoprotein interaction with artery wall derived
proteoglycans: comparisons between atherosclerosis-susceptible WC-2
and resistant Show Racer pigeoAsherosclerosis1987;65:63-73.

Wagner WD, Salisbury GJ, Rowe HA. A proposed structure of chon-
droitin 6-sulfate proteoglycan of human normal and adjacent athero-
sclerotic plaqueArteriosclerosis 1986;6:407—417.

Salisbury BG, Wagner WD. Isolation and preliminary characterization of
proteoglycans dissociatively extracted from human aartBiol Chem
1981;256:8050—8057.

Fisher LW, Termine JD, Young MF. Deduced protein sequence of bone
small proteoglycan | (biglycan) shows homology with proteoglycan I
(decorin) and several nonconnective tissue proteins in a variety of species.
J Biol Chem 1989;264:4571—-4576.

. Olsson U, Camejo G, Olofsson SO, Bondjers G. Molecular parameters

that control the association of low density lipoprotein apo B-100 with
chondroitin sulphateBiochim Biophys Actal991;1097:37—44.

. Olsson U, Camejo G, Bondjers G. Binding of a synthetic apolipoprotein

B-100 peptide and peptide analogues to chondroitin 6-sulfate: effects of
the lipid environmentBiochemistry 1993;32:1858-1865.

Dreher KL, Asundi V, Matzura D, Cowan K. Vascular smooth muscle
biglycan represents a highly conserved proteoglycan within the arterial
wall. Eur J Cell Biol 1990;53:296-304.

Jarvelainen HT, Kinsella MG, Wight TN, Sandell LJ. Differential
expression of small chondroitin/dermatan sulfate proteoglycans, PG-I/
biglycan and PG-ll/decorin, by vascular smooth muscle and endothelial
cells in cultureJ Biol Chem 1991;266:23274—-23281.

Schonherr E, Jarvelainen HT, Kinsella MG, Sandell LJ, Wight TN.
Platelet-derived growth factor and transforming growth factor-beta 1
differentially affect the synthesis of biglycan and decorin by monkey
arterial smooth muscle cellarterioscler Thromb1993;13:1026-1036.
Ross R, Masuda J, Raines EW, Gown AM, Katsuda S, Sasahara M, Malden
LT, Masuko H, Sato H. Localization of PDGF-B protein in macrophages in
all phases of atherogenesBcience 1990;248:1009-1012.

Salomon RN, Underwood R, Doyle MV, Wang A, Libby P. Increased
apolipoprotein E and-fmsgene expression without elevated interleukin

1 or 6 mRNA levels indicated selective activation of macrophage
functions in advanced human atheroniroc Natl Acad Sci USA
1992;89:2814-2818.

Nikol S, Isner JM, Pickering JG, Kearney M, Leclerc G, Weir L.
Expression of transforming growth factor-beta 1 is increased in human
vascular restenosis lesionkClin Invest 1992;90:1582-1592.

Bahadori L, Milder J, Gold L, Botney M. Active macrophage-associated
TGF-beta co-localizes with type | procollagen gene expression in athero-
sclerotic human pulmonary arteriesm J Pathol 1995;146:1140-1149.
Zuckerman SH, Evans GF, O’Neal L. Cytokine regulation of macrophage
apo E secretion: opposing effects of GM-CSF and TGF-l#gteeroscle-
rosis 1992;96:203-214.

Yao LY, Moody C, Schonherr E, Wight TN, Sandell LJ. Identification of
the proteoglycan versican in aorta and smooth muscle cells by DNA
sequence analysis, in situ hybridization and immunohistochemistry.
Matrix Biol. 1994;14:213-225.



