ASBMB

JOURNAL OF LIPID RESEARCH

I

Characterization of inherited scavenger receptor
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phenotype in a normolipidemic subject with planar

xanthomas
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Abstract It is proposed that, in hyperlipidemia, foam cells
develop in cutaneous xanthomas from the uptake by the
macrophage scavenger receptor (SR) of low density lipopro-
teins (LDL) that are modified due to increased residence time
in plasma. We have observed extensive xanthelasmas and
planar xanthomas in the absence of hyperlipidemia in two
siblings. In blood monocytes from one sibling, ®I-labeled
acetylated LDL (Ac-LDL) degradation and SR mRNA were 4
and 7 times higher, respectively, than in four control subjects.
Among monocytes from these five individuals, variation in
AcLDL degradation was completely accounted for by SR
mRNA levels (R? = 0.98, P < 0.001). Monocyte SR mRNA was
induced upon maturation into macrophages during 7 days in
culture. Mean monocyte and macrophage SR mRNA values
from one sibling and six additional family members were
elevated 5- and 4-fold compared to that of 16 control subjects,
and elevated monocyte SR mRNA was associated with abnor-
mally high cellsurface expression of SR epitopes. Monocytes
from eight of nine family members examined displayed an
unusual phenotype characterized by increased adhesion and
rapid maturation into large macrophages which overaccumu-
lated lipids. Monocyte-macrophage SR overexpression rela-
tive to control persisted even in the absence of autologous
serum, consistent with a cellular abnormality. B This is the
first demonstration of an inherited abnormality in scavenger
receptor expression and its occurrence in association with
planar xanthomas.—Giry, C., L-M. Giroux, M. Roy, J. Davi-
gnon, and A. Minnich. Characterization of inherited scaven-
ger receptor overexpression and abnormal macrophage phe-
notype in a normolipidemic subject with planar xanthomas.
J. Lipid Res. 1996. 37: 1422-1435.
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Monocyte-derived macrophages are implicated in the
formation of foam cells in atherosclerotic lesions (1).
These foam cells are characterized by a high content of
cellular cholesteryl esters. Most cell types do not accu-
mulate cholesteryl esters because of the potent down-
regulation of the LDL-receptor in the presence of excess
intracellular sterols (2). In contrast, macrophages, when
exposed to modified LDL, can be induced to accumu-
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late large amounts of intracellular cholesterol due to the
activity of an additional lipoprotein receptor whose
expression is not regulated by cellular sterols (3). One
receptor believed to be responsible for this activity is the
macrophage scavenger receptor (SR) (3, 4). The bovine
SR cDNA has recently been cloned and shown to induce
uptake of modified lipoproteins when transfected into
Chinese hamster ovary (CHO) cells (5). The human
c¢DNA has also been cloned (6).

Both the human and bovine cloned scavenger recep-
tors consist of an N-terminal cytoplasmic domain (exon
2), a transmembrane domain (exon 3), a spacer domain,
o-helical coiled-coil domain that mediates trimerization
(exons 4 and b), a collagen-like domain (exons 6-8)
essential for ligand binding, and a C-terminal type spe-
cific domain of unknown function (7). The ligand speci-
ficity of this receptor is broad (8) and includes negatively
charged lipoproteins: oxidized LDL, a physiological li-
gand, and acetylated LDL, used often in vitro to assay
SR activity. It is known that two forms of the SR are
generated from alternative splicing of the same tran-
script (7). These forms, designated as type I and type II,
differ in the carboxyl-terminal region in that the type I
receptor contains a 110 amino acid cysteine-rich carboxyl
terminal domain of unknown function while the 17-
amino acid carboxyl terminus of the type II receptor
contains no cysteines. As both forms take up acetylated

Abbreviations: SR, scavenger receptor; LDL, low density
lipoprotein; Ac-LDL, acetylated LDL; CHO, Chinese hamster ovary;
VLDL, very low density lipoprotein; HDL, high density lipoprotein;
DMEM, Dulbecco's modified Eagle's medium; PBS, phosphate-buffered
saline; apo, apolipoprotein; M-CSF, macrophage-colony stimulating
factor; PCR, polymerase chain reaction; RT, reverse transcription;
HPLG, high performance liquid chromatography; Ox-LDL, oxidized
LDL.
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and oxidized LDL equally well in transfected cells, the
relative physiological significance of the two forms is
unknown (5).

Some evidence suggests the existence of more than
one receptor for modified lipoproteins. Such evidence
consists of experiments in which oxidized and acetylated
LDL exhibit nonreciprocal cross competition for bind-
ing and/or degradation by macrophages (5, 9-12). In
addition, some additional cloned receptors have been
reported to recognize modified lipoproteins as ligands
(12-17). However, the macrophage SR is widely sus-
pected to be responsible for the uptake of modified
lipoproteins leading to foam cell formation (18).

In addition to arterial foam cell formation, it is also
believed that foam cells may develop in cutaneous xan-
thomas, as occurs in familial hypercholesterolemia,
from the uptake by monocyte-macrophage SR of plasma
LDL which may be modified due to a prolonged resi-
dence time in circulation or to greater oxidizability (19).
We have observed in two siblings, the proband (FC) and
her brother (LC), attending our lipid clinic extensive
planar xanthomas in the absence of hyperlipidemia or
any other obvious dyslipoproteinemia or apolipopro-
tein defect. Isolated blood monocytes from FC displayed
a markedly abnormal phenotype characterized by an
apparent early maturation into foam celllike macro-
phages and a 60-fold higher rate of cholesterol esterifi-
cation induced by oxidized LDL compared to normal
cells. The present report provides evidence to support
the hypothesis that this phenotype is related to SR
overexpression.

METHODS

Characterization of plasma lipoproteins

Plasma from venous blood of fasting subjects was
prepared by low speed centrifugation at 4°C in the
presence of 1.5 mg/ml EDTA. Lipoproteins were iso-
lated by ultracentrifugation at d 1.006 g/ml to obtain
very low density lipoprotein (VLDL) and precipitation
of apoB in the d > 1.006 g/ml fraction to separate LDL
from high density lipoprotein (HDL) (20). Plasma and
lipoprotein cholesterol and triglyceride concentrations
were determined enzymatically on an automated ana-
lyzer (Abbott Biochromatic Analyzer model 100, Abbott
Laboratories, Pasadena, CA). Plasma lipoproteins were
subjected to agarose gel electrophoresis (21) with a
Beckman Paragon LipoGel system and visualized by
Sudan Black staining or by autoradiography for 125]-]a-
beled L.LDL.

Characterization of the C kindred

The proband FC (11-6, Fig. 3), a 65-year-old Caucasian
female, was referred to the lipid clinic at the Clinical

Research Institute of Montreal by a dermatologist at age
48 because of recurrence of xanthelasmas after surgical
removal. She had been adhering to a low fat diet since
age 36. The only abnormal finding on physical examina-
tion at that time was the presence of extensive bilateral
xanthelasmas of the upper and lower eyelids. Her body
mass index and her plasma lipid and lipoprotein levels
were consistently normal. Her apoE phenotype was
E3/3. Cardiac function, including a 24-h Holter test, was
consistently normal. During follow-up, orange elevated
plaques, at times extensive, were noted at age 54 in the
neck and upper thoracic areas. She developed thick
yellowish lesions on her nose which were removed but
also recurred. Microscopic examination of these lesions
and of the neck lesions showed large numbers of foam
cells and Touton-type cells, and the lesions were diag-
nosed as xanthomas. Potential causes of these xan-
thomas were investigated. A test for hyperbeta-si-
tosterolemia was negative. Post-heparin plasma lipase
activity, apoA-I and apoC isoforms, and zonal ultracen-
trifugation of plasma lipoproteins gave a normal profile.
Other routine biochemical tests and immunoelectro-
phoresis were consistently normal. Cryoglobulins were
absent. FC died at age 65 of pancreatic cancer which had
become symptomatic five months previously.

Her brother (LC, 1I-2, Fig. 3) was first examined at age
60, having no previous medical history. Examination
revealed an aortic systolic murmur and bilateral arcus
corneae. He had extensive orange slightly elevated
plaques on the abdomen, inguinal areas, popliteal and
cubital folds, and around the neck. Two scars on the
limbs also had an orange discoloration and two subcu-
taneous lipomas were detected on the lower back and
the para-umbilical area. He consumed a typical North
American diet and was approximately 20 Ibs. over-
weight. His apoE phenotype was E3/3. Immunoelectro-
phoresis of proteins revealed a monoclonal IgG-A gam-
mopathy. His resting EKG was normal and the
echocardiogram showed slight to moderate sclerosis of
the aortic valve. The flat plate of the abdomen revealed
discrete calcifications of the abdominal aorta and iliac
arteries. This research was approved by the institutional
ethics committee. Informed consent was obtained from
all C family members who participated in this study.

Cell culture

Monocytes were isolated from whole blood with Ficoll
Paque (Pharmacia, Baie d'Urfe, Quebec) gradient cen-
trifugation (22) and resuspended in DMEM (Gibco,
Burlington, Ontario) containing 100 U/ml penicillin
and 100 pg/ml streptomycin. The cell suspension was
plated at a density of 2 x 106 monocytes per 35 X 10 mm
well (Falcon) or 50,000 monocytes per chamber in Lab-
tek chamber slides (Nunc, Naperville, IL) and incubated
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for 1 h at 37°C in a humidified atmosphere containing
5% COgq. Adherent cells were fed with DMEM supple-
mented with 30% autologous serum and antibiotics.
Medium was changed 1 day after cell isolation and every
3 days. For some experiments, cells were grown in RPMI
1640 containing 1% Nutridoma® (Boehringer
Mannheim). Recombinant macrophage-colony stimulat-
ing factor (M-CSF) (R&D Systems, Minneapolis, MN)
was dissolved in PBS to 5 ig/ml and added to cells in
one experiment. The human monocytic cell line THP-1
was obtained from American Type Culture Collection
{Rockville, MD). THP-1 cells were cultured in RPMI with
10% FCS, and were incubated with 0.1 ptg/ml phorbol
myristate acetate (PMA, Gibco) to promote monocyte
differentiation into macrophages.

Cell lipoprotein receptor activity assays

LDL were iodinated with carrier-free Nal25] (Amer-
sham, Oakville, Ontario) with Iodogen (Pierce, Rock-
ford, IL) (23), and acetylated (24). 1?5]-]labeled acetyl
(Ac)-LDL were dialyzed at 4°C overnight, sterilized by
filiration through a 0.22 uM filter, and checked by gel
electrophoresis with the Paragon system (Beckman).
125].]abeled Ac-LDL degradation assays were performed
with monocytes at varying stages of differentiation (days
1, 3, and 7 after isolation). In one experiment, the rate
of incorporation of [C]oleate (Amersham) into ceilu-
lar cholesteryl esters was performed as described (25)
after incubation of macrophages with oxidized LDL
(26). Cellular protein was measured by the method of
Lowry et al. (27). In other experiments, binding and
internalization of Ac-LDL were assayed qualitatively
with Dil-acetyl LDL (Biomedical Technologies Inc.,
Stoughton, MA). After incubation with the ligand, cells
were visualized by fluorescence microscopy with a rho-
damine filter.

Cell-surface binding of Ac-LDL and antibodies

Binding of polyclonal anti-human SR antibodies hSRI-
II (6) and SRIII (28) (generous gifts from Dr. T. Ko-

dama) and of FITC-conjugated monoclonal anti-human
CD36 (Sigma Immunochemicals) to monocyte-macro-
phages was analyzed by flow cytometry. Approximately
108 cells were incubated with anti-SR antibodies (1:200)
for 1 h at 4°C, washed 3 times, incubated 30 min with
FITClabeled swine anti-rabbit IgG (Dako, Carpinteria,
CA), washed 3 times, and fixed in 2% paraformalde-
hyde/PBS. Cells incubated with FITC anti-rabbit IgG
only were used as negative controls for these experi-
ments. Alternatively, cells were incubated with FITC-
conjugated anti-CD36. Cells were analyzed on an
FACScan flow cytometer (Becton Dickinson) equipped
with an argon laser (488 nm) and fluorescence was
collected in FL1 (525 nm). Data were analyzed with
CellQuest software.

mRNA quantification

Oligonucleotides were synthesized by the solid phase
triester method on a Pharmacia LKB Gene Assembler
Plus DNA synthesizer. Polyacrylamide gel-purified oli-
gonucleotides labeled with JOE® fluorescent dye (Ap-
plied Biosystems, Foster City, CA) were obtained from
Regional DNA synthesis Laboratories (Calgary, Al-
berta).

Total RNA was isolated from 6-8 x 108 cultured cells
with RNAzol® (29) and quantified by UV absorbance at
260 nm. Four hundred ng RNA was reverse transcribed
with the reverse transcription system of Promega (Madi-
son, WI) according to the recommendations of the
manufacturer and with random hexanucleotide primers
(Boehringer Mannheim). SR and B-actin cDNA were
PCR amplified (95°, 30 sec; 54°, 45 sec; 72°, 90 sec)
simultaneously with primers indicated in Table 1. Alter-
natively, SR ¢DNA was co-amplified with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH A, Table 1).
Apolipoprotein E cDNA was co-amplified with GAPDH
A (Table 1). FcyRIII (CD16) cDNA was co-amplified with
GAPDH B, in the presence of 250 nM fluorescein-12-la-
beled dUTP (Boehringer Mannheim). The relative quan-
tity of amplified DNA fragments was measured by fluo-

TABLE 1. Oligonucleotides used for mRNA quantification

Fragment Sequence
cDNA 5"-Oligo 3-Oligo Length Location Ref.
bp
B-Actin atggtgeatctctgecttact catctcttgctcgaagteca 340 1833-2170 56
GAPDH (A)  ggaaggtgaaggicggagtc cagagggggcagagalgag® 376 -2-372 64
GAPDH (B)  cgagccacatcgctcagaca geatcgeeccacttgattttg 295 -30-263 64
SR tegetcaatgacagctitge? ccatgtigcteatgtgtcc 290 75-364 6
ApoE cceggetgggegeggacatggaggacgii® tegegggeeecggectgglaca 203 3711-3914 65
CD16 cacctgaggtgtcacagct ggtcatttgtctigagggtc 395 406-800 66

All oligonucleotide sequences are written in the 5" — 3’ direction. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SR, scavenger

receptor; apoE, apolipoprotein E.
“Oligonucleotides labeled with JOE® or TAMRA® fluorescent dye.
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rescence detection after polyacrylamide gel electropho-
resis on a model 373A Automated DNA Sequencer®
(Applied Biosystems) (30). Amplification of RNA before
reverse-transcription yielded no signal corresponding to
the above fragments. In measurements of cycle number
versus fluorescence signal, 25 cycles was shown to be
within' the log-linear range (data not shown) for all
fragments and subsequent assays were performed with
this number of cycles. All PCR reactions were per-
formed in triplicate. Among monocytes or macrophages
from 10 subjects, SR mRNA expressed as a ratio to
B-actin and to GAPDH as internal standard were
strongly correlated (r=0.97, P <0.001) when assayed in
the same amplification. Among 38 samples assayed on
different days, the correlation coefficient was r=0.82 (P
<0.001).

Cellular histochemistry and electron microscopy

Chamber slide-plated cells were washed twice in PBS
and fixed in 10% formaldehyde in PBS for 1 h at room
temperature. Cells were then washed in propyleneglycol
for 2 min, incubated 30 min in 0.5% Oil Red O in
propyleneglycol, washed 3 times in 70% propyleneglycol
and 15 min in water, and stained with Harris' hema-
toxylin for 5 min. For electron microscopy, cells were
fixed in 3.5% glutaraldehyde in PBS, washed in 0.1 M
cacodylate buffer with 2% sucrose, postfixed with 2%
OsOy4 for 1 h and incubated with 1% p-phenyle-
nediamine in 75% ethanol for 25 min. Cells were then
dehydrated in ethanol, embedded in LX 112 (Ladd,
Burlington, Ontario). Ultrathin sections were cut with
an ultramicrotome (Reichert) and visualized with a Jeol
1200 EX electron microscope.

Measurement of anti-LDL reactive autoantibodies

IgG was purified from the plasma of subject LC (see
Results) and from two normal subjects by affinity chro-
matography on Protein G Sepharose, and IgG concen-
trations were monitored by UV absorbance at 280 nm.
One hundred pl of normal LDL was diluted to 30 pug/ml
protein in 5 mM glycine, pH 9.2, and adsorbed overnight
onto polystyrene microtitre wells. The wells were
washed with 0.15 M NaCl, 0.025% Tween 20 and incu-
bated 30 min with 1% bovine serum albumin (BSA) in
PBS. One hundred pl aliquots of IgG diluted in 1% BSA
were added to the wells and incubated for 2 h at room
temperature. Wells were washed as above and incubated
with 100 pl alkaline phosphatase-conjugated rabbit anti-
human IgG. After the addition of 100 pl p-nitrophenyl
phosphate, absorbance at 415 nm was quantitated when
sufficient color was visible in positive controls (human
IgG directly bound to plastic).

Giry et al.

Measurement of plasma antioxidant levels

Plasma carotenoids (zeaxanthine, cryptoxanhine, ly-
copene, o-carotene, and B-carotene) and o-tocopherol
were quantitated by HPLC essentially as described (31).
The Beckman Gold system with a C18 column was used.
Detector wavelengths were 450 and 284 nm for carote-
noids and o-tocopherol, respectively. Echinenone and
tocopheryi acetate were used as internal standards for
carotenoids and o-tocopherol, respectively. Concentra-
tions were calculated with absorption coefficients as
described (32).

Statistical analyses

Unless otherwise indicated, data are reported as
means * standard error. Means were compared with a
Student's t-test.

RESULTS

Monocyte-macrophage scavenger receptor activity in
the proband and her brother

The presence of xanthomas in the absence of hyper-
lipidemia in the proband FC (Fig. 1) was probably not
due to modification of plasma LDL from FC, as this LDL
displayed normal agarose gel electrophoretic mobility
(data not shown). In addition, no difference in macro-
phage degradation of !?°I-labeled native or oxidized
LDL from FC and control was detected (Table 2, upper
portion). These circumstances, therefore, suggested a
possible abnormality of monocyte-macrophage function
in FC. Blood monocytes (cultured in vitro in autologous
serum) from FC were markedly abnormal in that they
appeared to mature rapidly into macrophages and even-
tually acquired a foam cell-like appearance, unlike blood
monocytes from a control subject. In addition, oxidized
LDL induced 60 times as much cholesterol esterification

Fig. 1. Planar xanthomas in the proband FC. Shown is a frontal view
of the neck.
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in macrophages from FC relative to control macro-
phages (Table 2, lower portion), suggesting abnormally
high activity of a receptor for modified lipoproteins,
possibly the macrophage SR.

Due to the death of FC from pancreatic cancer,
subsequent studies of monocyte-macrophage pheno-
type were performed in cells from her brother (LC), in
whom similar xanthomas were observed. Compared to
four control subjects, 1-day-old monocytes from LC
degraded more than 3 times as much '?*I1abeled Ac-
LDL as did those from controls [Fig. 2, 1523 ng/mg cell
protein per 5 h (open triangle) vs. 464 * 97 (open
circles)}. The rate of ligand degradation increased on
average approximately 3-fold in cells from control sub-
jects, but not in those from LC, upon differentiation into
macrophages after 7 days in culture. In 7-day macro-
phages, the #’IHabeled Ac-LDL degradation rate was
similar for LC (filled triangle) and controls (filled cir-
cles).

Scavenger receptor mRNA levels in monocytes and
macrophages from affected and unaffected subjects

To address the possible identity of the receptor re-
sponsible for the abnormally high 125IHabeled Ac-LDL
degradation in LC monocytes, mRNA for the cloned
human macrophage SR (6) was quantitated in mono-
cytes and macrophages. In monocytes from normat
subjects, the ratio of SR to B-actin mRNA peak areas
increased with time in culture (Fig. 2 open vs. closed
circles) several hundred-fold after 7 days, but this induc-
tion was much less marked in monocytes from LC
(8.5-fold). Monocyte, but not macrophage, SR mRNA
was elevated 3- to 20-fold in LC compared to controls
(Fig. 2 open triangle vs. open circles), strongly implicat-

TABLE 2. Reactivity of native and oxidized LDL with
monocyte-macrophages from patient (FC) or control

1251 Labeled Degradation
Control LDL Patient LDL
ng/mg cell protein
171+ 17 175113
1039 + 44 603 +2

Native LDL
Ox-LDL

Incorporation of ['“C]oleate into
Cellular Cholesteryl Esters

Control Macrophages  Patient Macrophages
nmol/mg/h
Native LDL 0.27+0.03 0.28 (n = 2)
Ox-LDL 17(n=2) 1013

Seven-day monocyte-macrophages were incubated 4 h at 37°C
with 10 pg/ml [abeled or uniabeled oxidized (see Methods) or
native LDL. Values are mean + SD of three dishes except where
indicated. Upper portion: *Ilabeled oxidized or native LDL from
patient and control were incubated with macrophages from the
patient (FC). Lower portion: unlabeled oxidized or native LDL from
control was incubated with macrophages from FC and control.

1426 Journal of Lipid Research Volume 37, 1996
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Fig. 2. Scavenger receptor activity versus mRNA levels in monocytes
and macrophages from LC and controls. Each point represents the
mean of duplicate determinations for SR activity obtained with 10
ug/ml *Labeled Ac-LDL and the mean £ SEM for triplicate amplifi-
cations for SR mRNA determinations for one individual. Relative
cellular SR mRNA levels were measured by RT-PCR and fluorescence
detection as described in Methods. Shown on the X-axis is the ratio of
peak areas corresponding to fluorescent DNA fragments amplified
from SR and B-actin ¢DNA sequences. Empty and filled symbols
represent monocytes and macrophages, respectively. Circles and tri-
angles represent controls and LC, respectively. Controls were labora-
tory or Institute personnel, 3 women aged 30, 33, and 40 years and a
33-year-old male.

ing precocious SR expression in the higher rate of
125]-]abeled Ac-LDL degradation observed in monocytes
from LC. Inter-individual variability in monocyte SR
mRNA completely accounted for differences in 1251a-
beled Ac-LDL degradation rates: Y = 2083X + 248, R2=
0.98 (Fig. 2, open symbols). No such correlation was
detectable among macrophages, suggesting the contri-
bution of either posttranscriptional regulatory influ-
ences or the activity of other Ac-LLDL receptors to inter-
individual variability in SR activity among macrophages.

Other potential sources of macrophage cholesterol
over-accumulation

Another instance of xanthomas in a normolipidemic
subject with paraproteinemia has been attributed to the
presence of an LDL-monoclonal IgG complex in plasma
that is recognized by the SR, thereby promoting macro-
phage cholesteryl ester accumulation (33). The absence
of an anti-LDL antibody in the plasma of LC ruled out
this phenomenon as responsible for the presence of
xanthomas in LC (data not shown, see Methods). In
addition, LDL from LC displayed electrophoretic mo-
bility indistinguishable from that of a control, both
before and after acetylation (data not shown). Finally,
plasma from LC contained normal levels of the lipid-so}-

Z2T0Z ‘8T aunr uo ‘1sanb Ag B1o°Jj-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

uble antioxidants B-carotene and a-tocopherol (data not
shown).

Family study of C kindred

Monocyte-macrophages from several members of the
C family were examined (Fig. 3). Although subjects I1-7,
119, and I1I-14 (Fig. 3) did not have detectable cutane-
ous xanthomas, their monocyte-macrophages displayed
marked differences in cellular phenotype compared to
those of normal subjects (see below), as had been noted
for FC. Of the subjects examined in the C-kindred, only
I1-8 displayed a relatively normal monocyte-macrophage
phenotype. The mean peak area ratio corresponding to
SR/GAPDH mRNA in 1-day-old monocytes from mem-
bers of the C-kindred with the abnormal cellular pheno-
type (affected members) was 2.2 + 0.6 (n = 7). The mean
ratio among 13 male controls ranging in age from 32 1o
69 years (mean 47 * 3.4 years) was 0.44 + 0.09 (P < 0.002
vs. affected members of the C-kindred), and in three
females was 0.25 + 0.1. Among control subjects, no
effect of subject age or sex on monocyte SR expression
was noted. In 7-day macrophages, these ratios rose to
103 £ 34 (n =7) and 2.9 £ 0.4 (n = 9) for affected
members of the C-kindred and controls, respectively (P

< 0.08). Thus, in the C-kindred SR overexpression ap-
pears to be vertically transmitted in a dominant or
codominant fashion.

The 2-fold greater expression of SR mRNA and the
abnormal cellular phenotype in monocytes from II-9
compared to those from II-8 was associated with mark-
edly greater SR activity in 2-day-old monocytes as as-
sessed by uptake of Dil-labeled Ac-LDL (Fig. 4). The
difference in SR activity between these two subjects was
also apparent in 7-day-old macrophages (Fig. 4).

Cell-surface expression of SR proteins

Flow cytometric analysis revealed higher expression
of SR protein epitopes, detected with anti-SR antibody
hSRI-2, against the collagenous domain common to
both isoforms (6), and with anti hSRII-1, against the type
Il-specific domain (28), on the cell surface of 1-day-old
monocytes from subject I1-2 and his son III-1, compared
to controls (Fig. 5B and C). In fact, in monocytes from
affected subjects, SR expression was commensurate with
macrophage-like levels (Fig. A and B), as was the case
for SR mRNA levels. Mean expression of CD36 in
monocytes from affected subjects was elevated com-
pared to controls (Fig. 5C, bottom panel). However, in

90 69
1
1 2
4.39 5.97 5,25 5.33 5.97
1.16 1.78 0.74 1.03 1.52
2.81 0.27 0.53
57 49 62 85 58 57 54
II X |_
1 4 5 6 7 8 9
5.07 4.30 4.45
0.79 1.09 0.73
1.21 5.32 2.36
36 3& 31
111
2 3 4
CH%. (mM) (O FemaLe [JnommaL
mM
MONOCYTE SR :raﬁg to GAPDH) [ Imace [l AsnoRmaL
AGE | (years) JZDECEASED X PLANAR
XANTHOMA

IN\J NOT ExAMINED

Fig. 3. Pedigree of C-kindred. II-2 and II-6 represent probands LC and FC, respectively. Subjects IIl-1-4 showed no signs of cutaneous lipid
deposits. I-1 had a history of myocardial infarction and hypercholesterolemia diagnosed at age 72 and died at 90 of unknown causes. I-2 died of
cancer atage 69, II-1 of a non-cardiovascular-related illness, and 114 of lung cancer. Among all relatives studied, there was no history of premature
cardiovascular disease. Normal and abnormal refer to monocyte-macrophage phenotype in vitro (see text).
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Fig. 4. SR activity in monocyte-macrophages from an affected and
an unaffected member of the C-kindred. Monocytes plated in LabTek
slides were incubated 4 h with 2.5 pg/ml Dil-AcLDL and the uptake
of ligand was visualized with fluorescence microscopy as in Methods.
A and B: 2-day-old monocytes from II-8 and II-9, respectively. C and
D: 7-day-old macrophages from II-8 and II-9, respectively (SR/GAPDH
mRNA peak area 1.8 and 11.0, respectively).

contrast to control subjects, the fluorescence peak for
CD36 in affected subjects was broad and diffuse, indi-
cating a wider range of CD36 expression within the
monocyte population (Fig. 5B, bottom panel).

Cellular phenotype in affected and normal subjects

Monocytes from affected subjects consistently exhib-
ited a morphology typical of macrophages as evidenced
by larger cell size, flattening or spreading out, cytoplasmic
extensions, more rounded or irregularly shaped nuclei,
a greater cytoplasm to nucleus ratio, and the presence
of vacuoles (34-36). Whereas monocytes from normal
subjects developed these features after approximately 7
days in culture, the macrophage-like phenotype was
apparent as early as day 2 in cultured monocytes from
affected subjects (Fig. 6). Accumulation of cellular neu-
tral lipid was assessed qualitatively by Oil Red O staining
or quantitatively by gas-liquid chromatography, de-
pending on the availability of material. Figure 7 shows
substantially greater cellular neutral lipid accumulation
in macrophages from members of the C-kindred, in
contrast to those from a control subject with a monocyte

1428 Journal of Lipid Research Volume 37, 1996

SR level of 0.39. Cells from affected subjects appeared
to accumulate esterified cholesterol as early as days 1
and 4 as evidenced by a low ratio of free to total cellular
cholesterol (0.76, 0.89 for II-2 and III-1, respectively at
day 1 and 0.86, 0.86 at day 4) unlike cells from four
control subjects (1.0 £ 0.03 and 0.96 + 0.04 for day 1 and
day 4, respectively). The accumulation of cellular neu-
tral lipid in large foam cell-like macrophages of affected
subjects (Fig. 7B) was already apparent at day 4 (Fig. 7A).
These foam cells were clearly larger for affected mem-
bers of the C family than for controls (Fig. 7 A-D). In
addition, monocyte-macrophages from C family mem-
bers were more numerous at all stages, with 50-100%
more cells than for controls remaining after plating (Fig.
7, legend), despite identical numbers of blood mononu-
clear cells plated. This difference was not due to higher
blood monocyte counts in the affected subjects, which
were approximately 25% of white blood cells in both
normal and affected subjects. In addition, cells from
affected subjects relatively devoid of lipid tended to
aggregate around the particularly large foam cells, form-
ing clusters visible at days 4 and 7 (see arrows in Fig. 7),
despite their uniform distribution at day 1 (not shown).
No differences in cell morphology between controls and
affected subjects were apparent in 1-day-old monocytes.
Thus, apparent SR overexpression in monocytes from
C-kindred members is associated with an abnormal cel-
lular phenotype characterized by rapid accumulation of
cellular lipid in a subpopulation of cultured macro-
phages and possibly with greater cellular adhesion.

Expression of other genes associated with monocyte
maturation

For 1-day-old monocytes, the peak area correspond-
ing to apoF relative to GAPDH mRNA was 0.03 £ 0.02
(n = 10) in controls and 0.2 = 0.1 (n = 7) in affected
members of the C family (P < 0.06 vs. controls). Mono-
cyte apoE mRNA levels were induced > 50-fold and
peaked after 4 days in culture. The peak area ratio of
Fcylll (CD16)/GAPDH was 4.0 £ 0.9 (n = 9) in controls
and 1.9+ 0.6 (n = 3) in affected subjects (NS vs. controls).
The mean induction of CD16 mRNA relative to GAPDH
during monocyte maturation into 7-day macrophages
was 3.4-fold, excluding one control and two affected
subjects in whom there was no CD16 induction after 7
days in culture. Thus, no statistically significant differ-
ences in monocyte expression of the apoE or CD16
genes between controls and affected members of the
C-kindred were observed.

SR gene expression in the absence of autologous
serum

As human blood monocytes were cultured in the
presence of autologous serum, SR overexpression in
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Fig. 5. Expression of SR protein on the cell surface of monocytes from affected and nonaffected subjects. Monocytes were subjected to flow

cytometry after incubation with appropriate antibodies as in Methods.

A: THP-1 cells, incubated overnight in the presence of 10% human serum,

were analyzed with (macro) or without (mono) a 48-h induction with PMA. B: One-day-old monocytes from a control subject (C) or from subject
11-2 (Fig. 3). C: Relative cell-surface expression of SR type I (hSRI-II), type II (hSRII-I), and CD36 epitopes in controls (C, empty bars) and affected
subjects II-2 and I1I-1 (Fig. 3) (shaded bars). Specific fluorescence intensity was obtained after subtraction of cell autofluorescence or of the signal

corresponding to cells incubated with FITC-anti-rabbit IgG only.

monocytes from LC and his family members might
be related to some component in their serum. To in-
vestigate this possibility, SR gene expression in mono-
cytes and macrophages, cultured in the presence and
absence of autologous serum, from LC, his son (III-1
from Fig. 3), and a control subject was compared. For
this purpose, a media supplement known to support
growth and maturation of human monocytes (37) was
used. In monocytes from a control subject, LC, and
his son, SR mRNA levels were similar whether cells
were incubated in the presence or absence (Nutri-
doma®) of autologous serum, and were 10- and 4-fold
higher in LC and his son, respectively, than in mono-
cytes from a normal control (Table 3). In 7-day macro-
phages from all three subjects, SR expression was in-
creased to a similar degree (10- to 15-fold) in the
presence or absence of autologous serum (Table 3),
consistent with the previous observation that Nutri-
doma® supports monocyte differentiation even in the
absence of autologous serum (37). Thus, monocyte SR
overexpression in the Ckindred does not appear to
depend on a serum component.

Giry et al.

Effect of M-CSF on SR gene expression in LC and
controls

Consistent with the apparent independence of SR
overexpression from serum components, plasma M-CSF
concentrations were normal in LC, his son, and his
siblings (data not shown). The possibility that monocytes
from affected members of the C-kindred respond differ-
ently to a serum component with known potent influ-
ences on monocyte-macrophage behavior was therefore
tested. Incubation of monocytes from a normal subject
with M-CSF resulted in no induction of SR mRNA, while
monocytes from LC and his son responded to M-CSF
with a 3.5- and 8-fold induction, respectively (Fig. 8). In
contrast, incubation of macrophages from controls with
M-CSF induced SR gene expression, as expected, while
macrophages from LC and his son appeared refractory
to further mRNA induction by M-CSF (Fig. 8).

DISCUSSION

The present study was prompted by the unusual
observation of planar xanthomas on the neck in a nor-
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Fig. 6. Cellular phenotype of monocytes and macrophages from LC
siblings with normal and high SR mRNA expression. Cells were
stained with p-phenylenediamine and uranyl-acetate, fixed, sectioned,
and visualized by electron microscopy as in Methods. A-D are as in
Fig. 4.

mocholesterolemic subject (FC), previously observed
only in the context of genetic apoA-I deficiency (38).
Blood monocytes from FC matured abnormally rapidly
into macrophages in culture and these macrophages
appeared foam cell-like, unlike those of a normal sub-
ject. This cellular phenotype did not appear to be due
to the presence of modified lipoproteins in plasma of
FC, whose LDL displayed normal electrophoretic mo-
bility. These observations suggested that the xanthoma
phenotype in FC might be due to an abnormal property
of her blood monocytes. This was confirmed by the
observation that FC monocyte-macrophage uptake of
modified LDL was substantially greater than normal. In
addition, the xanthoma phenotype appeared to be he-
reditary, occurring also in the brother of FC (LC), in
whom subsequent studies were performed. Monocytes
from LC exhibited an approximately 3-fold greater rate
of 125Ilabeled Ac-LDL degradation than did those from
several control subjects. The level of SR activity in
monocytes from LC was similar to that of macrophages
from control subjects. RT-PCR assay of SR mRNA with
primers specific for the cloned human SR ¢cDNA (6)
showed that in cells from normal subjects, this mRNA
was induced over the 7-day period of monocyte matura-
tion into macrophages, and that its level correlated
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strongly with Ac-LDL uptake among monocytes from
different subjects. Furthermore, the steady-state SR
mRNA levels and cell-surface expression of SR protein
in monocytes from LC were several-fold higher than that
of normal subjects.

Examination of monocytes from several members of
two generations of the C-kindred consistently revealed
an abnormal cellular phenotype. This phenotype was
characterized by rapid acquisition of a macrophage-like
morphology (34-36), increased adhesion, as evidenced
by greater numbers of cells adhering to the cell culture
matrix and cell clustering, and a subpopulation of cells
that rapidly accumulated a large deposition of lipid as
assessed by Oil Red O staining. Although only two of
the affected members presented with xanthomas, all but
one of the seven additional family members tested
manifested the abnormal monocyte phenotype. Mono-
cyte SR mRNA in these subjects was significantly ele-
vated 5-fold compared to the average among 16 control
subjects. These data suggest an association between
precocious expression of the SR gene and observed
greater rates of modified lipoprotein degradation and
abnormal cellular phenotype observed in monocytes
from members of the C family compared to normal
subjects. These characteristics are vertically transmitted.
Whether members of the C-kindred in whom these
unusual monocytes are observed will eventually develop
xanthomas, or whether an additional genetic or environ-
mental factor such as age is important for expression of
this clinical manifestation, remains to be determined.

Various reports have demonstrated that SR expres-
sion accompanies monocyte maturation. In THP-1 cells,
a human monocytic cell line frequently used to study
monocyte maturation into macrophages, SR activity
(39-41), mRNA (41, 42), and protein (present study) are
induced after stimulation of cell differentiation with
phorbol ester. Most recently, induction of SR gene
expression has been demonstrated upon maturation of
human monocytes (43). It is not clear whether SR over-
expression in affected members of the C-kindred is a
cause or a consequence of the apparently precocious
monocyte maturation. To determine whether the SR
was overexpressed uniquely or in parallel with other
genes in monocytes from affected subjects, we measured
the expression of other genes suspected to be induced
during monocyte maturation. The induction of apoE
mRNA has been demonstrated upon phorbol ester-
stimulated THP-1 cell differentiation into macrophages
(44, 45). Although monocyte apoE mRNA levels tended
to be higher in affected subjects than in controls, they
were not commensurate with those observed in normal
macrophages as were SR mRNA levels. FcyRIII (CD16)
mRNA has been shown to be expressed on a subpopu-
lation of human monocytes (46) and (immunologically)
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Fig. 7. Oil Red O staining of monocyte-macrophages from C family members and control. Cells were cultured
for 4 or 7 days, fixed, stained as in Methods, and visualized by phase contrast microscopy (approximately 220
x magnification). A and C: 4- and 7-day macrophages from a normal 37-year-old male with SR/GAPDH mRNA
of 0.39. B and D; 4- and 7-day monocyte-macrophages, respectively, from III-2 and III-3 (Fig. 3). The average
number of cells/field as counted in duplicate fields of cells from subjects I1I-2-4 by three blinded observers
were 262, 203, and 182, respectively, for day 4, and 145, 144, and 142 for day 7, versus 98 = 1 and 92 + 6 for
two and three control subjects at days 4 and 7, respectively.
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TABLE 3. Monocyte/macrophage SR gene expression in the presence and absence of autologous serum

Subjec Time in Culture Autologous Serum Nutridoma®
Control 1 day (monocytes) 0.03£0.01 0.06 +0.04
IE5 1 day (monocytes) 0.14%0.06 0.23 £0.08
LC (I-5) 1 day (monocytes) 0.31+0.03 0.26 + 0.02
Control 7 days (macrophages) 0.91£0.04 0.93 £0.01
II-5 7 days (macrophages) 2.40 +0.13 293 (n=2)
LC 7 days (macrophages) 3.45+0.32 292(n=1)

Blood monocytes from indicated subjects were cultured in RPMI-1640 containing 30% autologous serum
or 1% Nutridoma®. Scavenger receptor mRNA (mean + SD of three dishes unless otherwise indicated) is
expressed as the ratio of fluorescence peaks corresponding to SR/GAPDH.

to be induced in human monocytes upon maturation
(35), although it is apparently not expressed by THP-1
cells (47). The level of expression of FcyRIII was indis-
tinguishable in monocytes from affected members of
the C-kindred and normal subjects. The lack of parallel
overexpression of these two genes whose induction is
associated with monocyte maturation suggests that SR
overexpression is at least somewhat specific and perhaps
not a mere consequence of precocious monocyte matu-
ration in affected subjects.

The physiological function of the SR has been difficult
to assess due to the unusually large range of ligands
which it binds in vitro (8). Interestingly, recent data have
supported the role of the SR as a cellular adhesion
molecule (48), consistent with a possible role in mono-
cyte maturation. In the present study, SR overexpres-
sion was associated with large multinucleated foam cells
surrounded by clusters of cells. The generation of these
structures, typical of granulomatous reactions, is inhib-
ited by antibodies against cell adhesion molecules and
is induced in vitro by cytokines, most notably y-inter-
feron (¥IFN) (49). The reported effects of ¥-IFN on SR
expression are varied (50, 51), and may depend on the
maturation state of monocyte-macrophages. In any case,
the association of SR overexpression with apparently
increased cellular adhesion in the present study sup-
ports a possible role for the SR in monocyte adhesion.

While the association between SR overexpression and
foam cell formation in the present study is consistent
with a role for the SR in macrophage neutral lipid
accumulation, it does not exclude the possibility that
induction of another putative receptor for modified
lipoproteins results from monocyte adhesion and sub-
sequent maturation. Recently, other receptors have
been implicated in the cellular uptake of oxidized lipo-
proteins (12, 14-17). CD36 is a potential candidate for
a physiological Ox-LDL receptor, because it is expressed
on platelets and macrophages, mediates Ox-LDL bind-
ing in transfected cells (52), and because macrophages
from CD36-deficient subjects take up 40% less Ox-LDL
and accumulate 40% less CE than those from normal
subjects (53). However, the ligand specificity of CD36 is
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distinct from that of the SR in that CD36 does not bind
Ac-LLDL (13), with which SR activity was assessed in the
present study. Nevertheless, monocytes from affected
subjects expressed abnormally high amounts of cell-sur-
face CD36, although this expression was unusually het-
erogeneous.

The initial experiments described in this report were
conducted with monocytes cultured in the presence of
autologous serum, a general requirement for culturing
human monocyte-macrophages. It has been demon-
strated that products of T-lymphocytes stimulate SR
expression in human monocyte-macrophages (54).
Other reports have shown that cytokines such as YIFN
inhibit (50) or increase (51), TNF-a inhibits (55) or has
no effect (566), and M-CSF, GM-CSF, and IL-1 increase
(57) SR expression in human monocyte-macrophages.
However, as lymphocytes were not present in our ex-
periments and these cytokines are unstable, it is unlikely
that the SR overexpression observed in the present
study was due to abnormal serum concentrations of
these cytokines. As in normal subjects, serum M-CSF was
below the limit of detection by ELISA (data not shown).
Neither is the apparent overexpression likely to depend
on the presence of lipoproteins, as cholesterol loading
has not been observed to increase SR activity in macro-
phages (43, 58). In fact, monocytes from LC and his son
cultured in the absence of autologous serum exhibited
SR gene expression several-fold greater than control, as
in autologous serum. Beyond the observation that SR
overexpression in the C-kindred appears to be intrinsic
to the cell, the present report does not address molecu-
lar mechanisms underlying this phenomenon. For ex-
ample, although the condition appears to be hereditary
it is not clear whether SR overexpression is related to
the SR gene itself, to some trans-acting factor affecting
its expression, or to a more general stimulus of mono-
cyte maturation. Studies addressing these questions will
undoubtedly elucidate some aspects of the regulation of
SR gene expression and of monocyte maturation.

Although serum did not appear necessary for SR
overexpression, the induction of SR mRNA by M-CSF
was markedly different in LC and his son relative to
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Fig. 8. Effect of M-CSF on SR gene expression in monocytes-macro-
phages from LC and controls. Empty and filled bars represent controls
and C-family members, respectively (see Fig. 3). The control value for
macrophages treated with M-CSF represents the mean of two controls
(35 and 700%). Fifty ng/ml M-CSF was added 1 h and 96 h after
isolation. SR mRNA was quantitated as a peak area ratio to GAPDH
or to B-actin as in Fig. 2.

controls. M-CSF stimulates differentiation of he-
matopoietic stem cells into monocytes, and more re-
cently has been shown to increase SR activity (57) and
mRNA in human (59) and mouse peritoneal (60) macro-
phages. M-CSF does not up-regulate SR activity or
mRNA in normal human blood monocytes, presumably
due to the absence of the protooncogene-encoded re-
ceptor, ¢fms. The abnormal response of monocytes from
LC and his son to M-CSF is probably a consequence of
premature maturation, as M-CSF is absent from the
media shown to be sufficient for SR overexpression
(Table 3). Given the role of monocyte maturation and
adhesion in atherogenesis, it is unexpected that C-kin-
dred presents no evidence for premature coronary ar-
tery disease. Though macrophage foam cells are impli-
cated in atherosclerosis, it has recently been demonstrated
that administration of recombinant M-CSF protects rab-
bits from granuloma foam cell formation, a model for
atherosclerotic lesions (61). This effect may be attribut-
able to increased apoE expression (45), which may pro-
mote cholesterol efflux (62) or provide apoE as ligand
for increased rate of removal of plasma lipoproteins
(63). Whatever the mechanism for the protective effect
of M-CSF on atherosclerosis, hyper-response to M-CSF
in monocytes from members of the C-kindred may
confer protection from atherosclerosis and may be re-
lated to the absence of premature cardiovascular disease
in this family.

This is the first report of inherited SR overexpression
associated with planar xanthomas in normolipidemic
subjects. Our study raises the possibility that a similar
phenomenon could be involved in xanthomatosis where
there is a large discrepancy between the dyslipoprote-

Giry et al.

inemia and the extent of the skin lesions. These obser-
vations should prompt a systematic study of such cases
to further assess the role of the SR in xanthoma and
atheroma formation B
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