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Summary. There are many macrophages in the athero-
sclerotic lesion. Mononuclear cells begin to migrate into
the subendothelial space at the early stage of athero-
genesis. They take up denatured low density lipoprotein
through scavenger receptors and become lipid-laden
foam cells. Various cytokines and growth factors
produced by macrophages can modulate the growth and
many other functions of vascular cells in vitro. Those
cytokines might be secreted in the arterial wall and play
an important role in atherogenesis.

MACROPHAGES AND ATHEROSCLEROSIS

It is well established that there are many mononu-
clear cells/macrophages in atherosclerotic lesions.
Although the presence of macrophages in athoro-
sclerotic plaques of human aorta was revealed by
electron microscopic study in 1960’s,” more precise
evidence was provided with immunocytochemical
analysis using polyclonal and monoclonal antibodies
against macrophages in 1980’s.? Owing to those mor-
phological studies, monocyte-macrophages were found
in fatty streak, an early lesion of atherosclerosis, as
well as advanced lesions such as fibrous plaques and
complicated lesions. The majority of foam cells
found in these lesions were of monocyte/macrophage
origin.®

Time-course of accumulation of macrophages was
studied using experimental animals in which athero-
sclerosis was induced by hypercholesterol diet.* In
porcine, within two weeks after development of
hypercholesterolemia, mononuclear cells in the blood
stream began to adhere to arterial surface and invade
the subendothelial space through interendothelial
junction.” The same consequence was observed in a

non-human primate,” a rabbit® and pigeons.” In the
Watanabe heritable hyperlipidemic rabbit, an animal
model of familial hypercholesterolemia, mononuclear
invasion was observed even in a fetus, which already
had a high serum cholesterol level.®

Macrophages are known to produce more than fifty
bioactive substances.® As it has become possible to
culture vascular smooth muscle cells and endothelial
cells in a tissue culture laboratory, many of the
macrophage products have been shown to affect
various functions of vascular cells in vitro (Fig. 1).
For example, interleukin 1 (IL-1) induces expression
endothelial-leukocyte adhesion molecule (ELAM-1)
on endothelium which mediates adhesion of leuko-
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cytes to endothelial cells. IL-1 increases endothelial
production of tissue factor and prostacycline. On the
other hand heparin-like activity and thrombomodulin
of endothelial cells decrease after treatment with
IL-1. IL-1 also induces endothelial production of
granulocyte-monocyte colony-stimulating factor and
IL-1 itself (see review by Shimokado 1987).Y The
modulation of cellular function of macrophage-
products can play roles in progression and regression
of atherosclerosis.

In this paper, we will discuss two categories of
macrophage products which might be very important
in atherogenesis.

GROWTH FACTORS

Macrophages produce growth factors for mesenchy-
mal cells such as fibroblasts, vascular smooth muscle
cells and glial cells. Those growth factors are sup-
posed to play an important role in wound healing,
fibrosis of various organs following chronic inflam-
mation, and smooth muscle proliferation in athero-
sclerosis.'*~!?

The majority of tissue macrophages originate from
mononuclear cells in the blood stream. Mononuclear
cells do not show the growth promoting activity of
mesenchyal cells until they differentiate into macro-
phages. Lipopolysaccharide (LPS), concanavalin A
and some other stimulants for macrophages increases
growth promoting activity of macrophages.!®

Attempts to purify macrophage-derived growth
factor (MDGF) lead to a couple of different substances.
We tried to purify these substances from the condi-
tioned medium of human alveolar and peritoneal
macrophages (Fig. 2). Two activity peaks were obtained
by gel filtration chromatography. Both activities
were blocked by specific anti-platelet-derived growth
factor (PDGF) polyclonal antibody. Furthermore,
both of them competed binding of **I-PDGF to its
receptor on cell surface. Those findings suggested
that they consisted of PDGF-like molecules. Meta-
bolic-labelling study using **S-cysteine showed that
PDGF-like molecules were not contaminants from
platelets and were actually synthesized by macro-
phages. Northern blot analysis using ¢cDNA for B-
chain of PDGF (v-sis) substantiated production of
PDGF-like molecules by macrophages.'?

Other groups found growth promoting activity dif-
ferent from PDGF in alveolar lavage and the macrophage-
conditioned medium of patients with idiopathic pul-
monary fibrosis (IPF). Macrophages from normal
people or patients without IPF produced growth
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Fig. 2. Growth-promoting activity of macrophage-
conditioned medium: Human macrophages are prepared
from dialysate of CAPD. Macrophages are cultured in a
Neuman-Tytell medium supplemented with 0.29 BSA. A
conditioned medium or cell-free dialysate is concentrated
ten-fold by ultrafiltration. Fetal dermal fibroblasts are
plated in 24 well trays. After 24 hours, the medium is
changed to test it. CM is conditioned mediune,

factors only after stimulation. The factors acted
synagisitically with PDGF.'»

Interleukin 1 was found to stimulate proliferation
of fibroblasts and vascular smooth muscle cells.'®
Recently it was shown that growth-promoting activ-
ity of IL-1 was mediated by inducing the production
of PDGF A-chain through smooth muscle cells.
Namely, IL-1 induces production of A-chain of PDGF
through smooth muscle cells and growth activity of
IL-1 is blocked by anti-PDGF A-chain antibody.'®

Basic fibroblast growth factor (FGF) is a growth
factor produced by macrophages.!” This factor is
different from most of the other growth factors in
cell specificity. It stimulates growth of not only
smooth muscle cell or fibroblasts but also vascular
endothelial cells. It also induces neoangiogenesis iz
vivo. Basic FGF is membrane-bound and is not secret-
ed into culture medium. This factor might be released
into the environment when the macrophages are
destroyed in the lesion.

Transforming growth factor (TGF) alpha and beta
were also found to be synthesized by macrophages.'®'?
Although TGF beta produces fibrosis and neoan-
giogenesis when injected subcutaneously, it suppres-
ses growth of vascular smooth muscle cells iz vitro.
Because TGF beta stimulates PDGF production of
endothelial cells, it is possible TGFs induce smooth
muscle cell proliferation through PDGF produced by



endothelial cells in a paracrine fashion.
If any of those growth factors are secreted by
macrophages in atherosclerotic lesions, what stimu-
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Fig. 3. Effect of acetylated LDL of expression of mRNA
of PDGF B chain by mouse peritoneal macrophages (dot
blot analysis): mRNA prepared from cultured mouse
peritoneal macrophages are transferred to nitrocellulose
paper and hybridized with ¢cDNA of »-sis under lower
stringency. Macrophages cultured with acetylated LDL
express less mRNA of B chain as compared with those
cultured with native LDL or without LDL. 3T3/sis-
mRNA from Balb 3T3 cells transfected with v-sis.
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lates macrophages to produce growth factors? We
conducted an experiment to elucidate the possibility
that the uptake of denatured low density lipoprotein
triggered the secretion of PDGF by macrophages.
However, the uptake of acetylated LDL decreased
mRNA of PDGF in macrophages (Fig. 3).

UPTAKE OF DENATURED LDL

As mentioned earlier, macrophages in the subendo-
thelial space become lipid-laden foam cells (Fig. 4).
The major lipid component accumulated in the lipid
particles in macrophages is cholesteryl oleate.
Macrophages have receptors for denatured LDL but
very few or no receptors for native LDL. Cellular
uptake of native LDL is tightly regulated by regulat-
ing the number of cell surface LDL receptors. When
LDL is taken up by cells, the number of LDL rece-
ptors is down-regulated and inflow of LDL decreases.
In contrast, a receptor for denatured LDL is not
down-regulated and macrophages continue to take up
denatured LDL until they become full of lipid
droplet.?” This hypothesis was proposed based on
experiments using chemically modified LDL such as
acetylated LDL, which is not generated in the human
body. Today the most likely candidate of denatured
LDL generated in the human body is so-called “oxid-
ized LDL”?"Y Macrophages, as well as endothelium
and smooth muscle cells, can produce active oxygen
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Fig. 4. Macrophage-derived foam cells: mouse peritoneal macrophages cultured with
acetylated LDL (100 micro grams) for 72 hours.
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Fig. 5. Effects of macrophage-conditioned medium on uptake of acetylated LDL by macrophages:
Macrophage-conditioned medium is added to mouse peritoneal macrophages cultured with acetylated LDL.
Uptake of acetylated LDL is measured by incorporation of 3H-oleate into cholesteryl oleate. Macrophages and
related cell lines secrete substance which increase the uptake (A and B). Other types of cells do not stimulate
uptake of acetylated LDL (C). SMC: smooth muscle cells, BAEC: bovine aortic endothelial cells, Fibro:
fibroblasts, P338D: macrophage-related cell line, M ¢ : macrophages.



and “oxidize” LDL nearby.?® Lecithin in native LDL
is degraded to lysolecithin and apo B is broken down
to smaller polypeptide fragments. As a result,
denatured LDL, which has increased density and
more negative charge, becomes recognizable to the
denatured LDL receptor.?®

Although uptake of denatured LDL is not regulated
by a negative feedback mechanism, the uptake is
affected by products of macrophages. Human mono-
cyte-derived macrophages secrete substances which
stimulate uptake of denatured LDL by macrophages.?®
This factors effective only when it is added to
differentiating macrophages and no longer has the
effect on mature macrophages. Mouse peritoneal
macrophages and various macrophage cell lines also
produce mediators which increase uptake of acetylat-
ed LDL by mouse peritoneal macrophages® (Fig. 5).
Endothelial cells, smooth muscle cells or fibroblasts
do not secrete this mediator. Although TNF-alpha
has a similar effect, this substance secreted by non-
stimulated macrophages seems to be different from
TNF-alpha.

STUDIES IN VIVO

Does any of the growth factors and monokines dis-
cussed above really play a role in atherogenesis? Some
have tried to answer this question by using immuno-
cytochemistry, Northern blot analysis or in situ
hybridization technique. Data are still sparse and
there are discrepancies between reports.

Increased expression of mRNA of B chain of
PDGF was found in human atherosclerotic plaques
excised during carotid endoarterectomy. The amount
of mRNA of B chain correlated well with the amount
of mRNA of fms (oncogene expressed in macro-
phage) but did not correlate with that of von Will-
brand factor, a marker of endothelial cells. This
suggests that the major source of B chain of PDGF is
macrophages, but not endothelial cells which are
another type of PDGF-producing cells.2¢?” However,
in situ hybridization analysis using the same kind of
specimen could not detect expression of B chain
mRNA on macrophages in atherosclerotic plaque.?®
The latter does not necessarily rule out production of
PDGF by arterial macrophages. It is possible that
mRNA of B chain of PDGF in macrophages is more
susceptible to degradation or that PDGF is expressed
at an earlier stage of athorosclerosis.
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CONCLUSION

There are many macrophages in atherosclerotic
lesions. In vitro experiments suggest that many sub-
stances produced by these macrophages can modu-
late various functions of vascular cells. Although it
has not been completely proved yet, data which
suggest actual participation of monokines in athero-
genesis are being accumulated.
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