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Abstract

Macrophage- and smooth muscle cell (SMC)-derived foam
cells are typical constituents of human atherosclerotic lesions.
At least three receptor systems have been characterized that
could be involved in the development of foam cells: a,-macro-
globulin receptor/LDL receptor-related protein (a,MR/LRP),
scavenger receptor, and LDL receptor.

We studied the expression of these receptors in human ath-
erosclerotic lesions with in situ hybridization and immunocyto-
chemistry. An abundant expression of ,MR/LRP mRNA and
protein was found in SMC and macrophages in both early and
advanced lesions in human aortas. «,MR/LRP was also pres-
ent in SMC in normal aortas. Scavenger receptor mRNA and
protein were expressed in lesion macrophages but no expres-
sion was found in lesion SMC. LDL receptor was absent from
the lesion area but was expressed in some aortas in medial
SMC located near the adventitial border. The results demon-
strate that (@) «,MR/LRP is, so far, the only lipoprotein recep-
tor expressed in lesion SMC in vivo; (b) scavenger receptors are
expressed only in lesion macrophages; and (c) both receptors
may play important roles in the development of human athero-
sclerotic lesions. (J. Clin. Invest. 1994. 93:2014-2021.) Key
words: apolipoprotein E-low density lipoprotein receptor-
macrophages - smooth muscle cells - foam cells

Introduction

Human atherosclerotic lesions are characterized by the pres-
ence of lipid-loaded foam cells which are derived from mono-
cyte/macrophages and smooth muscle cells (SMC)' (1). Most
of the lipid that accumulates in the foam cells is derived from
plasma lipoproteins (1). Since native LDL does not cause foam
cell formation in vitro, it has been proposed that plasma lipo-
proteins must first undergo some kind of modification before
they can be metabolized in the arterial wall cells (2,3). One of
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the modifications that has been implicated in the foam cell
formation is oxidation of LDL (3).

Oxidized LDL could lead to the formation of macrophage-
derived foam cells since it can be metabolized through macro-
phage scavenger receptors (3,4). Scavenger receptors are tri-
meric membrane proteins that exist in two closely related
forms (types I and II receptors) which arise from alternative
splicing of a single gene (4). Scavenger receptors bind several
ligands (4) and are expressed in human lesion macrophages
(5-7). Human lesion SMC do not express detectable amounts
of scavenger receptors (6,7) or LDL receptors (6). Thus, the
mechanism(s) by which lesion SMC take up lipoproteins is less
well characterized than that of macrophages and may involve
receptor-mediated endocytosis and other processes such as
phagocytosis.

a,-Macroglobulin receptor/LDL receptor-related protein
(a,MR/LRP) is a 600-kD multifunctional endocytotic recep-
tor which belongs to the LDL receptor gene family (8-10).
After synthesis, ®, MR/LRP is cleaved into 515-(a chain) and
85-kD (8 chain) subunits (11). It is expressed by a number of
different human cell types including macrophages and SMC of
various tissues (12). a,MR/LRP is essential for normal em-
bryogenesis since the disruption of the a,MR/LRP gene in
mice blocks the development of embryos (13).

The a chain contains several repeated sequences, e.g., Cys-
teine-rich complement-type repeats homologous with the li-
gand binding repeats of the LDL receptor (8), and binds several
classes of ligands to separate or overlapping sites. The ligands
include a,-macroglobulin (9,10,14) and the homologous preg-
nancy zone proteins (15), which achieve receptor-active con-
formations when complexed with target proteases, plasmino-
gen activator inhibitor type 1 complexed with urokinase-type
(16) or tissue-type plasminogen activators (17), and Pseudo-
monas exotoxin A (18). a,-macroglobulin-protease and plas-
minogen activator inhibitor-plasminogen activator complexes
bind to separate sites in the region of a,MR/LRP « chain con-
taining eight complement-type repeats (19). Cytokines such as
TGF-B bind to the receptor-active form of a,-macroglobulin,
and the a,-macroglobulin-TGF-8 complex is still capable of
binding to a;MR/LRP (20). Recent results also demonstrate
that receptor-active a,-macroglobulin markedly enhances the
TGF-B-induced growth response of cultured rat aortic SMC
and that this effect is dependent upon the binding of the com-
plex to a,MR/LRP (21).

a,MR/LRP can also bind apo E-enriched chylomicron
and VLDL remnants (22,23), lipoprotein lipase (LPL) (24),
and LPL-triglyceride-rich lipoprotein complexes (25,26).
Thus, it is possible that ,MR/LRP may play a role in the
uptake of lipoproteins in the arterial wall cells. However, there
is no data about the expression of ®,MR/LRP in human athero-
sclerotic lesions. In this paper we have studied the expression of



a,MR/LRP, scavenger receptors, and LDL receptor in human
arteries. It was found that o, MR/LRP was actively expressed in
lesion SMC and macrophages. Scavenger receptors were €x-
pressed in lesion macrophages, but no expression of LDL re-
ceptor was found in the lesions. The results suggest that a,MR/
LRP and scavenger receptors may play important roles in the
development of atherosclerotic lesions.

Methods

Tissue samples. Human aortic samples were obtained from nine medi-
colegal autopsies (six males, three females, age 29-79 yr) 4-13 h post-
mortem. Adrenal cortex was obtained from an organ donor for a renal
transplant immediately after the surgery. Tissue samples were embed-
ded immediately in OCT compound (Miles Laboratories, Inc., Elkhart,
IN), frozen in liquid nitrogen, and kept at -70°C until used for in situ
hybridization and immunocytochemistry. We cannot exclude the possi-
bility of postmortem changes in the tissue samples. However, in pre-
vious studies no major differences have been found in tissue samples
obtained at similar postmortem intervals as compared with results ob-
tained from organ donors or from perfusion-fixed animals (6,27,28).
All procedures were approved by the Ethical Committee of the Tam-
pere University Hospital.

In situ hybridization. In situ hybridizations were done using either
oligonucleotide probes or riboprobes as described (6,27,28). Oligonucle-
otide probes Ol47 (47 mer) and Ol49 (49 mer) were designed to recog-
nize two unrelated sequences of human a;MR/LRP mRNA (nucleo-
tides 2705-2751 and 1184-1232, respectively). Control oligonucleo-
tides were of the same size and contained the same sequence but in an
opposite direction. Oligonucleotides were synthesized by Biotechnical
Institute (Helsinki, Finland). The homologies of Ol47 and Ol49 se-
quences with human LDL receptor (29), GP 330 (30), and VLDL re-
ceptor (31) were only 43-51%, which makes the detection of mRNA of
the other members of the LDL receptor gene family unlikely. Oligonu-
cleotides were end-labeled with 3S-ATP (1,000-1,500 Ci/mmol)}New
England Nuclear, Boston, MA) using terminal transferase (Amersham
Intl., Buckinghamshire, UK) (32).

For riboprobe synthesis, human LDL-receptor cDNA (29) and bo-
vine type I scavenger receptor cDNA (4) were subcloned in plasmid
vectors using standard techniques (32). Human type I scavenger recep-
tor (5) shows a 79% similarity with bovine type I scavenger receptor,
which has been used previously for in situ hybridization studies with
human tissue (6). Antisense and sense riboprobes were synthesized us-
ing Sp6, T7, or T3 RNA polymerases with ¥*S-UTP (1,200 Ci/
mmol)(New England Nuclear) as described (6). All reagents used for
riboprobe synthesis were from Promega Biotec (Madison, WI).

In situ hybridization studies were done on a set of serial sections
(5-10 um)(6,27,28). Briefly, cryostat sections were fixed with formalde-
hyde/sucrose for 10 min (4% paraformaldehyde, 5% sucrose, | mM
EDTA, 50 uM butylated hydroxytoluene, pH 7.4), dehydrated, and
dried in vacuo. Sections were hybridized for 14 h with 6X10° cpm/ml
of each probe in a hybridization solution containing 50% formamide
(Fluka Chemie AG, Buchs, Switzerland), 2XSSC, 20 mM Tris (pH 7.4)
1 XDenhardt’s solution, | mM EDTA, 10% dextran sulfate (Pharmacia
LKB Biotechnology, Sweden), | mM DTT, and 0.5 mg/ml yeast
transfer RNA (Boehringer Mannheim GmbH, Mannheim, Germany).
Hybridization temperatures were 42 and 53°C for oligonucleotide
probes and riboprobes, respectively. The final wash after the hybridiza-
tions was at 52°C in 1XSSC for oligonucleotide probes and at 55°C in
0.1XSSC for riboprobes. Slides were then dehydrated, dried, dipped in
a photographic emulsion (NTB-2; Eastman-Kodak Co., Rochester,
NY), and developed after a 2-10-wk exposure time. After develop-
ment, the slides were counterstained with hematoxylin-eosin. Controls
for the in situ hybridizations included incubations with control oligonu-
cleotides or sense riboprobes. In addition, RNAseA-pretreated sections
were used as controls during the optimization of the in situ hybridiza-
tion protocols.
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Immunocytochemistry. Serial cryostat sections (5-10 um) were
used for immunostainings. Immunocytochemistry studies were done
using two mAbs (A,MRa-1 and A,MRe-5) against human «,-macro-
globulin receptor « chain and one mAb (A,MRg-1) against 8 chain
(33). These three antibodies react with distinct epitopes of a,-macro-
globulin receptor « and 8 chains (19). A,MRa-1, A,;MRa-5, and
A,MRg-1 antibodies do not cross-react with LDL receptor or GP 330
(12,14,33). Rabbit antiserum (hSRI-2) against synthetic human scaven-
ger receptor peptides was used for the scavenger receptor immunostain-
ing (7). The antiserum recognizes both types I and II receptors (7). We
also used mouse mAbs specific for bovine and human LDL receptor
(clone C7/RPN 537; Amersham Intl), human macrophages (HAM-56)
(34), SMC (HHF-35) (35), apo B-100 (MB-47) (36), and apo E (clone
2E1; Boehringer Mannheim GmbH). Avidin-biotin-horseradish per-
oxidase system (Vector Laboratories, Burlingame, CA) was used for the
immunostainings (37). After the immunostainings the slides were
counterstained with hematoxylin. Controls for the immunostainings
included sections incubated with irrelevant class- and species-matched
immunoglobulins and incubations where the first antibody was

omitted.

Results

Human fatty streaks contain both macrophages and SMC. A
typical human fatty streak is shown in Fig. 1. Macrophages
occupied the upper part of the lesion (Fig. 1 4), whereas SMC
were located mostly in the deeper part of the lesion (Fig. 1 B).
Immunostaining with a monoclonal A,MRa-1 antibody re-
vealed an abundant presence of «,MR/LRP protein in both
macrophage- and SMC-containing areas (Fig. 1 C). In situ hy-
bridization with O149 oligonucleotide probe showed a similar
expression pattern for e, MR/LRP mRNA (Fig. 1 D). Immuno-
stainings with A,MRa-5 and A,MRB-1 mAbs and in situ hy-
bridization with Ol47 oligonucleotide probe for a,MR/LRP
gave similar results, whereas control immunostainings with ir-
relevant class- and species-matched immunoglobulins and in
situ hybridizations with control oligonucleotide probes were
negative (data not shown). No immunostaining was found for
LDL receptor protein in the lesion area (Fig. 1 E). However,
medial SMC (identified by a positive HHF-35 immunostain-
ing) located close to the adventitial border were positive for
LDL receptor protein (Fig. 1 F). Positive immunostaining for
LDL receptor protein in this location was found in two out of
nine aortas studied. Human adrenal cortex was used as a posi-
tive control for LDL receptor immunostaining. LDL receptors
have been shown to be densely expressed in zona fasciculata
and to be absent or expressed at much lower level in zona
glomerulosa (6, 38, 39). As expected, zona fasciculata stained
intensely positive for LDL receptor protein, whereas zona glo-
merulosa showed no or very little specific immunostaining
(Fig. 1 G). ;MR/LRP mRNA and protein were also expressed
by SMC in macroscopically normal aortas, as shown in Fig. 1
H. Similar results were obtained with immunostaining (data
not shown).

A representative micrograph of an advanced human athero-
sclerotic lesion is shown in Fig. 2. The lesion contains both
SMC (Fig. 2 A) and macrophages (Fig. 2 B). The lesion stained
positive with all three antibodies against a,MR/LRP. Fig. 2, C
and D show immunostainings for o, MR/LRP protein with an-
tibodies A,MRa-1 and A,MRg-1, respectively. In situ hybrid-
izations for ., MR/LRP mRNA with end-labeled oligonucleo-
tide probes gave similar results (data not shown). An abundant
presence of apo B-100 (LDL) was detected in the same area
that contained «,MR/LRP (Fig. 2 E). Apo E was also present,

2015



Luoma et al.




but it showed a less intense staining than apo B-100, and was
located mostly in macrophage-rich areas (Fig. 2 F). Control
immunostainings with irrelevant class- and species-matched
immunoglobulins and in situ hybridizations with control oligo-
nucleotide probes were negative (data not shown).

Scavenger receptor mRNA and protein were detected by
immunostaining and in situ hybridization in lesion macro-
phages in the same areas that contained «,MR/LRP. An exam-
ple of macrophages expressing scavenger receptors is shown in
Fig. 3. Macrophages (Fig. 3 A), scavenger receptor protein (Fig.
3 B), and scavenger receptor mRNA (Fig. 3 C) colocalize in the
same area that also stains positive for a,MR/LRP protein (Fig.
3 D) and negative for LDL receptor protein (Fig. 3 E). Controls
for immunostainings (Fig. 3 F) and in situ hybridizations with
sense riboprobes (data not shown) were negative. No expres-
sion of the scavenger receptor mRNA or protein was seen in
arterial SMC in this lesion or in any other lesion studied.

Discussion

The first visible atherosclerotic lesions are fatty streaks, which
consist of lipid-loaded macrophages and SMC (1). At least
three receptor systems have been characterized that could medi-
ate the uptake of lipoproteins by macrophages and SMC:
a,MR/LRP (8-10), scavenger receptors (2,4), and LDL recep-
tor (2,29). In addition, other receptors (40) and processes, such
as phagocytosis, may be involved in the uptake of lipids by
arterial wall cells (1-3).

For several reasons, a,MR/LRP could contribute to the
formation of foam cells: (a) the present results show that
a,;MR/LRP is expressed in lesion macrophages and SMC; (b)
a,MR/LRP can bind and internalize apo E-enriched remnant
lipoproteins (22,23) and LPL-triglyceride-rich lipoprotein
complexes (25,26); (¢) «,MR/LRP is not downregulated by an
increased cellular cholesterol content (23), which could allow
the formation of foam cells; (d) human aortic intima contains
as much as 5-15% of the total lipoprotein particles as the
VLDL and intermediate density lipoproteins (41). These rem-
nantlike particles also contain significant quantities of apo E
(41) and could be potential ligands for «,MR/LRP; and (¢) apo
E and LPL can mediate the binding to «,MR/LRP of 8-VLDL
and triglyceride-rich lipoproteins. Both apo E and LPL are pres-
ent in lesions (28,42-44) and can affect cellular lipoprotein
metabolism (45). As expected, apo B-100 (LDL) and apo E
were present in the lesions, but apo E tended to have a more
localized staining pattern than apo B-100 (43,44,46).

Scavenger receptors are likely to be involved in the uptake
of modified forms of LDL by macrophages (2-4). These recep-

tors are not downregulated by increased cellular cholesterol
content and can lead to foam cell formation in vitro (47). The
present results confirm earlier reports that scavenger receptors
are expressed in human lesion macrophages (5-7) and extend
the findings by showing that macrophages in the same areas
express a,MR/LRP as well. No expression of the scavenger
receptors was detected in lesion SMC.

LDL receptor activity in the liver plays an important role in
the regulation of plasma LDL levels (2). In vitro, LDL receptor
is downregulated effectively by an increased cellular cholesterol
content and does not lead to foam cell formation (2). No ex-
pression of LDL receptor protein was found in the lesion area,
which confirms previous observations (6). However, in two out
of nine aortas, LDL receptor expression was seen in medial
SMC located near the adventitial border, but this expression
was unrelated to lesion development.

As was mentioned above, ,MR/LRP and scavenger recep-
tors are not downregulated by an increased cellular cholesterol
content. Since both receptors bind multiple ligands, including
native and/or modified lipoproteins, they are attractive candi-
dates for the uptake mechanisms responsible for foam cell for-
mation. The regulation of a,MR/LRP and scavenger receptor
expression is not fully understood, but both a,MR/LRP and
scavenger receptors are downregulated by lipopolysaccharide
and interferon-y (48) and upregulated during monocyte differ-
entiation into macrophages (12,49). Colony-stimulating fac-
tors, which are expressed in lesions (50,51), also increase the
expression of both receptors (52,53).

a,MR/LRP mRNA and protein were expressed in every
lesion studied. Whether the level of the ,MR/LRP expression
was increased or decreased in lesion cells as compared with
normal artery cannot be answered reliably by the current stud-
ies. However, in some macrophage-rich areas of the lesions, the
level of a;MR/LRP immunostaining seemed to be somewhat
decreased, whereas SMC expression appeared to be more con-
stant. Interferon-vy is secreted by lesion T cells (54) and could
account for the variability of the o,MR/LRP immunostaining
in lesion macrophages. The expression of scavenger receptors
in only a subpopulation of lesion macrophages (6) also points
to the importance of local regulation in the lesion microenvi-
ronment by cytokines and other similar substances (55). Bind-
ing and internalization of various ligands by «¢,MR/LRP, in-
cluding apo E/S-VLDL and LPL/B-VLDL, can also be regu-
lated by a 39-40-kD receptor-associated protein (14,26,56),
but there is no data about the expression of this protein in
human atherosclerotic lesions.

Our results show that ,MR/LRP is expressed by SMC and
macrophages in human atherosclerotic lesions, whereas scaven-

Figure 1. Expression of a,MR/LRP protein and mRNA in macrophages and SMC in a human fatty streak (thoracic aorta of a 41-yr-old male,
postmortem time 4 h). Immunostaining and in situ hybridization autoradiography of serial sections (4-E): (4) Antibody specific for human
macrophages (HAM-56, dilution 1:500); (B) Antibody specific for SMC (HHF-35, dilution 1:500); (C) Antibody specific for the « chain of
a,MR/LRP (A,MRe-1, dilution 1:50); (D) In situ hybridization with a **S-ATP-labeled oligonucleotide probe 0149 for a,MR/LRP; (E) Anti-
body specific for human LDL receptor (clone C7, dilution 1:100). (F-G) Immunostaining with the same antibody as in E. (F) Adventitia (adv)
and one-fourth of the media at the adventitial side of the same tissue sample as shown in E; (G) Adrenal cortex showing an intense positive im-
munostaining for LDL receptor protein in zona fasciculata (zf) whereas zona glomerulosa (zg) contained no or very little specific staining; (H)

In situ hybridization with a 3*S-ATP-labeled oligonucleotide probe 0147 for a,MR/LRP in a macroscopically normal aorta containing diffuse
intimal thickening (thoracic aorta of a 44-yr-old male, postmortem time 11 h). Controls for immunostainings and in situ hybridizations were
negative (data not shown). Hematoxylin counter stain, except in D and H, which were counterstained with hematoxylin and eosin. A star marks
the boundary between intima and media. H was photographed using polarized light epiluminescence. X200 (A-G), X100 (H). Bars = 100 um.
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Figure 2. Expression of a,MR/LRP protein in macrophages (mq) and SMC (smc) in an advanced human atherosclerotic lesion (abdominal aorta
of a 44-yr-old male, postmortem time 11 h). Immunostaining of serial sections (A-F): (4) Antibody specific for SMC (HHF-35, dilution 1:500);
(B) Antibody specific for human macrophages (HAM-56, dilution 1:500). (C-F) Higher magnification of the immunostainings of serial sections.
(C) Antibody specific for the « chain of ;MR/LRP (A,MRa-1, dilution 1:50); (D) Antibody specific for the 8 chain of a;MR/LRP (A,MRg-1,
dilution 1:50); (E) Antibody specific for apo B-100 (MB-47, dilution 1:500); (F) Antibody specific for apo E (clone 2E1; dilution 1:100). A star
identifies the same location in A-F. Controls for immunostainings were negative (data not shown). Hematoxylin counterstain. X40 (4), X100

(B), X200 (C-F). Bars = 100 ym.

ger receptors are only expressed in lesion macrophages. Both
receptors could contribute to the formation of macrophage-
derived foam cells. «,MR/LRP is, so far, the only receptor
expressed in arterial SMC in vivo that is capable of mediating
the uptake of lipoproteins. Thus, it may play an important role
in the formation of SMC-derived foam cells. Further studies
are needed to establish the role of &, MR/LRP as a functional
lipoprotein receptor in arterial cells and to clarify the regula-
tion of the expression of «,MR/LRP and scavenger receptors
in lesion cells. Better understanding of the functions of these
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receptors could give further insights into the development of
foam cells and ¢ould lead to new therapeutic approaches for
the prevention of atherosclerotic lesion formation in human
arteries.
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