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Abstract

Degranulated mast cells are present in human fatty streaks.
Chymase in granules released from degranulated rat serosal
mast cells, i.e., in granule remnants, proteolyzes human
high density lipoprotein; (HDL;), and so reduces its ability
to induce cholesterol efflux from macrophage foam cells in
vitro. In this study we found that remnant chymase, by pro-
teolyzing human serum and human aortic intimal fluid,
prevents these two physiologic fluids from effectively induc-
ing cholesterol efflux from cultured macrophage foam cells.
Inhibition was strongest when remnants were added to apo-
lipoprotein AI (apoAl)-containing lipoproteins; the remnants
had no effect on the weaker efflux produced by apoAlI-defi-
cient serum. Western blot analysis showed that granule
remnants degrade apoAl in serum and in intimal fluid.
When released from remnants, chymase lost its ability to pro-
teolyze HDL; in the presence of serum. Thus, remnant chy-
mase (but not isolated chymase) was able to resist the natu-
ral protease inhibitors present in serum and in intimal fluid.
The results imply participation of exocytosed mast cell
granules in foam cell formation in atherogenesis. (J. Clin.
Invest. 1996. 97:2174-2182.) Key words: apolipoprotein Al «
cellular cholesterol efflux « foam cells « mast cells « neutral
proteases

Introduction

Elevated levels of plasma high density lipoprotein (HDL) are
associated with a low risk of coronary heart disease in humans
(1). Moreover, injection of rabbit HDL into cholesterol-fed
rabbits has been shown to lead to regression of atherosclerotic
lesions in these animals (2). The antiatherogenic action of
HDL particles is thought to arise largely from their ability to
accept excess cholesterol from cells, notably from those present
in the arterial intima (3) (the site of atherogenesis) and to
transport it back into the circulation, and ultimately to the
liver (4). The initial step of this reverse cholesterol transport
system is efflux of cholesterol from cells to HDL particles (5).
Efficient efflux of cholesterol to HDL is crucial for prevention
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of cholesterol accumulation in macrophages, in which inges-
tion of lipoproteins is not inhibited by the inflowing choles-
terol (6). In these cells, scavenger receptor-mediated or phago-
cytic uptake of lipoproteins may result in rapid and massive
cellular accumulation of cholesterol, with formation of the
foam cells typical of atherosclerotic lesions (7-9).

Insufficient efflux of cholesterol from foam cells to HDL
results when concentrations of these acceptor particles are too
low, or from changes in their function. We recently observed
that the ability of human HDIL; to remove cholesterol from
macrophage foam cells in vitro is efficiently blocked when the
HDL,; undergoes modification by the mast cell neutral pro-
tease chymase (10). Chymase is present in the cytoplasmic
secretory granules of mast cells (11). The cytoplasm of rat se-
rosal mast cells, our model cell, is filled with secretory granules
which are expelled into the extracellular fluid when the mast
cells are stimulated (12). In the extracellular fluid, the soluble
components of the granules, such as histamine, chondroitin
sulfate proteoglycans, and a fraction of the heparin proteogly-
cans, are released and diffuse away. In contrast, the major
granule components, the two neutral proteases chymase and
carboxypeptidase A, and the majority of the heparin pro-
teoglycans, remain tightly bound to each other, forming extra-
cellular granule remnants (13). If mast cells are cocultured
with macrophage foam cells in a medium enriched with HDL;,
and then stimulated to degranulate, the ability of the HDL;
particles to induce cholesterol efflux is largely lost when the
chymase of the granule remnants proteolyzes the HDL; parti-
cles.

Mast cell granule remnants also bind low density lipopro-
tein (LDL) particles, and carry them into macrophages as the
macrophages phagocytose the LDL-loaded remnants (14).
The efficiency of this carrier function is greatly enhanced when
the neutral proteases of the granule remnants proteolyze the
apolipoprotein B-100 component of the remnant-bound LDL
particles, whereupon the proteolyzed particles become unsta-
ble and fuse into larger particles on the surface of the rem-
nants, so allowing more LDL particles to be bound to rem-
nants. Thus chymase, by degrading the apolipoproteins of both
HDL and LDL particles render the stimulated mast cells pow-
erful inductors of cholesterol accumulation in macrophages in
vitro.

Mast cells are also present in human aortic and coronary
fatty streaks, and a significant fraction of the mast cells in these
lesions is degranulated, as shown by the presence of chymase-
containing granule remnants in the the extracellular space near
the activated mast cells and foam cells (15-17). In contrast to
the incubation medium in the in vitro system described above,
which was devoid of plasma proteins, the extracellular fluids,
such as the arterial intimal fluid, contain the physiological in-
hibitors of chymase o;-antitrypsin, a;-antichymotrypsin, and
a,-macroglobulin (18, 19). To elucidate the potential of the



exocytosed mast cell granules in the arterial intima to modify
HDL proteolytically, we incubated HDL with granule rem-
nants in extracellular fluid obtained from human aortic inti-
mas. We show that granule chymase in its physiological form,
i.e., when bound to the heparin proteoglycans in granule rem-
nants, although not when released from them, is able to pro-
teolyze the HDL in intimal fluid, and so renders the intimal
fluid a less efficient acceptor of cellular cholesterol.

Methods

Animals. Male Wistar rats (300-500 grams) were from the Labora-
tory Animal Center of the University of Helsinki, and female NMRI
mice (20-30 grams) were purchased from a licensed center (Poikki-
joki, Kuvaskangas, Finland).

Preparation of mast cell suspensions and isolation of exocytosed
mast cell granules. Serosal mast cells were isolated from peritoneal
and pleural cavities of rats. The isolated mast cells were stimulated to
degranulate with compound 48/80 (Sigma Chemical Co., St. Louis,
MO) and the exocytosed granules, i.e., granule remnants, were iso-
lated from the released material, as described (9). The quantity of
granule remnants is expressed in terms of their protein content or
proteolytic activity with N-benzoyl-L-tyrosine ethyl ester (BTEE)! as
substrate.

Isolation of chymase from granule remnants. The method of chy-
mase isolation is based on the known high binding affinity of chymase
for heparin. Granule remnants were first resuspended in 10 mM
phosphate buffer, pH 7.0, containing 2 M KClI to dissociate the chy-
mase from the heparin proteoglycans (20), and the mixture was ap-
plied in the same buffer to a Sephacryl S-200 column (1 X 50 cm,
Pharmacia LKB Biotechnology, Uppsala, Sweden). The column was
eluted with the same buffer at a flow rate of 5 ml/h at 4°C, and the
eluted fractions were tested spectrophotometrically for their chymase
activity, using BTEE as substrate (21) with modifications (22). Unit
definition: 1 BTEE unit corresponds to a 0.001 increase in absor-
bance at 256 nm/min, when 0.5 mM BTEE is used as substrate, in 3
ml of 50 mM Tris-HCI, pH 7.4, at 25°C. The fractions containing chy-
mase were diluted with 10 mM phosphate buffer to give a final con-
centration of 0.5 M KCl, and applied in this buffer to a HiTrap Hep-
arin column (1 ml, Pharmacia LKB Biotechnology). The column was
then washed with the above buffer, and chymase was eluted by in-
creasing the concentration of KCl to 1 M, and stored in this buffer at
—20°C. Before experiments, the chymase-containing fractions were
diluted with 5 mM Tris-HCI, 1 mM EDTA, pH 7.4, to give a final con-
centration of 150 mM KCI.

PMSF inactivation of granule remnants. Granule remnants were
incubated in 5 mg/ml BSA, 1 mM EDTA, 5 mM Tris-HCI, pH 7.4,
with 250 pg/ml PMSF, at 37°C for 15 min. After incubation, the gran-
ule remnants were washed with 5 mg/ml BSA, 1 mM EDTA, 5 mM
Tris-HCI, pH 7.4, and their inactivation (> 99%) was verified by
measuring chymase activity spectrophotometrically with BTEE as
substrate.

Preparation of mouse and human macrophage monolayers. Perito-
neal cells were harvested from unstimulated mice in phosphate-buff-
ered saline (PBS) (GIBCO, Paisley, Scotland) containing 1 mg/ml
BSA (23). Cells were pooled, centrifuged, and resuspended in
DMEM (GIBCO) with 100 U/ml penicillin and 100 pg/ml streptomy-
cin (medium A) supplemented with 20% fetal calf serum, and plated
at 1 X 10° cells per well into 24-well plates (Becton Dickinson Lab-
ware, Lincoln Park, NY). After incubation at 37°C for 2 h in humidi-
fied CO, (5%), the nonadherent cells were removed by rinsing the
monolayers with PBS, and cholesterol loading of the macrophages

1. Abbreviations used in this paper: BTEE, N-benzoyl-L-tyrosine
ethyl ester; LpAl, apolipoprotein Al containing lipoproteins; VHDL,
very high density lipoprotein.

was started. Human monocyte-derived macrophages were separated
from buffy coat cells by diluting buffy coats (kind gifts from the Finn-
ish Red Cross Blood Transfusion Service, Helsinki) with three vol-
umes of Dulbecco’s phosphate-buffered saline lacking both Ca?* and
Mg?*. Mononuclear cells were then isolated by centrifugation of the
diluted buffy coat on Ficoll-Paque (Pharmacia LKB Biotechnology)
at 600 g at 20°C for 15 min. The mixed mononuclear cell band was re-
moved by aspiration and washed three times with Ca?*- and Mg?*-
free PBS. The cells (25-30% of which were monocytes) were resus-
pended in medium A, seeded in 24-well plates (5 X 10° cells per well),
and allowed to adhere for an hour. Nonadherent cells were washed
off and medium A supplemented with 20% serum (pooled from
healthy donors) was added. The medium was replaced after 24 h and
every 48 h thereafter. On day 7 of culture, cholesterol loading of
monocyte-derived macrophages was started.

Loading of macrophages with cholesteryl esters. To load the mouse
macrophages with cholesteryl esters, the cells were incubated for 18 h
in the presence of 20 pg/ml of H-labeled acetyl-LDL in medium A
containing 20% fetal calf serum. Similarly, human monocyte-derived
macrophages were loaded for 2 d with cholesterol by incubating them
in medium A containing 5 mg/ml of lipoprotein-deficient serum in the
presence of 25 pg/ml of *H-labeled acetyl-LDL. To study the net ef-
flux (mass movement of cholesterol) from cholesterol-loaded mac-
rophages (of either mouse or human origin), macrophage monolayers
were loaded with LDL-derived cholesterol by incubating them in the
same conditions as above, except that unlabeled acetyl-LDL was
used.

Serum. Blood was collected from normal healthy donors after
overnight fasting or from one autopsy case for the measurement of
ay-antitrypsin concentration in serum. Serum from healthy donors
was used immediately for experiments in which cholesterol efflux was
measured.

Isolation of lipoprotein fractions, apoAl-containing particles from
serum (LpAl-particles), lipoprotein-deficient serum, and apoAl-defi-
cient serum. Human LDL (d = 1.019-1.063 g/ml), HDL, (d = 1.063-
1.125 g/ml), HDL; (d = 1.125-1.210 g/ml), very high density lipopro-
tein (VHDL) (d = 1.210-1.250 g/ml), and lipoprotein-deficient serum
(LPDS) (d > 1.250 g/ml) were isolated from fresh plasma of normal
healthy donors by sequential ultracentrifugation, using KBr (24, 25).
HDL; particles were applied to a heparin column, and then separated
according to their apolipoprotein content into particles containing apoAl
and apoAll ([HDL;(AI w AII)] and particles containing apoAl but
not apoAIl [HDL;(AI w/o AII)] on a combination of anti-apoAl-and
anti-apoAll-immunosorbent columns, and similarly apoAl-contain-
ing particles (LpAI) from serum were separated by immunoaffinity
chromatography according to Barbaras et al. (26). The purity of the
Al and AII particles and the absence of apoAl from the LpAI-defi-
cient serum were verified by Western blot analysis (27) (data not
shown).

Lipoprotein modifications. LDL was acetylated (acetyl-LDL) by
repeated additions of acetic anhydride (28). [’H]Cholesteryl linoleate
(1,2(n)[*H]cholesteryl linoleate, 30-60 Ci/mmol) (Amersham Inter-
national, Arlington Heights, IL) was incorporated into acetyl-LDL
by incubating 1 mg acetyl-LDL and 40 w.Ci [*H]cholesteryl linoleate
in 10% dimethylsulfoxide (29), which yielded preparations with spe-
cific activities ranging from 30 to 100 dpm of [*H]cholesteryl li-
noleate/ng protein. HDL; was iodinated with '»I (Na %1, 15-16 mCi
15T per microgram of iodine) (Amersham International) by the io-
dine monocholoride method to yield specific activities of 390-400
dpm/ng (30, 31). Before each experiment, '>I-HDL; was diluted with
unlabeled HDL; to a specific activity of 0.5 dpm/ng. The concentra-
tions of lipoproteins are given in terms of their protein content.

Measurement of [PH]cholesterol efflux from macrophage foam cells.
[*H]cholesterol-loaded macrophages (of either mouse or human ori-
gin) were washed with PBS, and the cells were immersed in fresh me-
dium A. Cholesterol acceptors were added to give the final concen-
trations indicated in the figure legends, and the mixtures were
incubated in the presence or absence of mast cell granule remnants at
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Figure 1. Cholesterol efflux from (A and B) mouse macrophage foam
cells and from (C and D) human monocyte-derived macrophage
foam cells induced by various cholesterol acceptors. (A and B) Mouse
macrophage monolayers were incubated for 18 h in 300 pl of medium
A supplemented with 20% fetal calf serum and 20 pg/ml of *H-labeled
acetyl-LDL. The [*H]cholesterol-loaded macrophage foam cells were
then washed, and 300 pl of medium A, containing the indicated cho-
lesterol acceptors, was added. The final concentrations of the accep-
tors were: serum and LPDS (7.5 mg/ml); VHDL, HDL,;, HDL,, and
LpAI (100 pg/ml each). (C and D) Human monocyte-derived mac-
rophages were incubated for 48 h in 300 pl of medium A supple-
mented with 5 mg/ml lipoprotein-deficient serum and 25 pg/ml of *H-
labeled acetyl-LDL. The [*H]cholesterol-loaded macrophage foam
cells were then washed, and 300 pl of medium A, containing the indi-
cated cholesterol acceptors, was added. The final concentrations of
the acceptors were: serum and LpAI-deficient serum [(Se-
rum(—)LpAI)] (7.5 mg/ml); intimal fluid (2.5 vol%); HDL,,
HDL;(AI w/o AIl), HDL; (Alw AII), and LpAI (100 pg/ml each).
The macrophages (in A, B, C and D) were incubated with the various
acceptors for the indicated times at 37°C, the media were collected,
their *H radioactivities were determined, and plotted as a function of
time. Human monocytes were obtained from several donors and,
therefore, the absolute efflux rates are not comparable.

37°C for 6 h in a humidified 5% CO, incubator. After incubation, the
media were collected and centrifuged at 200 g for 5 min to remove
any detached cells or cellular debris, and the *H radioactivity in the
supernatant was measured by liquid scintillation counting. Thin-layer
chromatography showed that most (95%) of the radioactivity was
present in the free cholesterol fraction. From each value, the corre-
sponding blank value (medium without acceptor) was subtracted.
Each point in the figures represents the mean of duplicate incuba-
tions of a single experiment. Each experiment was performed at least
twice, and in each case the results obtained were similar. The linearity
of the [*H]cholesterol efflux was tested for each experimental system
used in this study. For this purpose, both mouse and human macro-
phages were incubated for up to 6 h with the highest concentrations
of the acceptors used in the experiments. In each case, the efflux was
found to be linear (Fig. 1).

Measurement of cholesterol net efflux from macrophage foam
cells. Cholesterol-loaded macrophages (of either mouse or human
origin) were washed, and the cell lipids were extracted with hexane:
isopropanol (3:2 vol/vol), and applied to Bond Elute® columns (NH,-
bonded silica; Varian, Harbor City, CA) to separate cholesteryl esters
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from fatty acids and phospholipids. The cholesteryl esters (palmitate,
oleate, and linoleate) were then determined by HPLC as described
before (32). For protein measurements, the macrophages were then
treated with 0.2 N NaOH. Incubations were carried out in triplicate.

Western blots of apoAl and apoAll in granule remnant-treated se-
rum. Intimal fluid (2%), serum (1%), LpAl (1 mg/ml), or HDL; (1
mg/ml) were incubated at 37°C for 18 h in 50 wl of 150 mM NacCl, 1
mM EDTA, 5 mM Tris-HCI, pH 7.4, in the presence or absence of 5
g of granule remnants. After incubation, aliquots of treated and un-
treated samples at appropriate dilutions and molecular weight stan-
dards (Kaleidoscope Prestained Standards; Bio-Rad Laboratories,
Hercules, CA) were applied to a 15% SDS-PAGE in nonreducing
conditions (33), transferred to a nitrocellulose membrane, and apoAl
and apoAlII were immunolocalized with the appropriate monoclonal
anti-human apolipoproteins.

Proteolysis of HDL; by granule remnants and by isolated chymase
in the presence of serum or intimal fluid. "I-HDL; (0.6 mg/ml) was
incubated at 37°C for 2 h in 20-100 pl of 150 mM NaCl, 1 mM EDTA,
5 mM Tris-HCI, pH 7.4, with granule remnants, isolated chymase, or
a-chymotrypsin (Sigma Chemical Co.) (each containing 170 BTEE
U/ml), in the presence of the indicated concentrations of serum or in-
timal fluid. After incubation, the incubation mixtures were treated
with 10% TCA to determine the amount of TCA-soluble radioactiv-
ity. The values of '*I-HDL; degradation in the presence of serum or
intimal fluid (inhibition of proteolysis) are expressed as percentages
of the degradation in control incubations carried out in buffer (which
was set to 100%). Degradation in the control incubations varied be-
tween 8 and 23%, i.e., 8-23% of the radioactivity present in '>I-
HDL; was converted into TCA-soluble material upon incubation
with granule remnants (see Fig. 7). The degree of proteolytic inhibi-
tion of a given serum or intimal fluid concentration did not depend on
the absolute degree of »’I-HDL; degradation. For experiments with
human monocyte-derived macrophages, intimal fluid (2.5%) or
HDL; (1 mg/ml) was pretreated by incubation in the absence or pres-
ence of 0.05 mg/ml of granule remnants in medium A at 37°C for 18 h.
After incubation, the granules were removed by centrifugation and
the supernatant was applied to macrophage monolayers.

Preparation of aortic intimal fluid. The autopsy samples comprised
six subjects (5 male and 1 female) aged 36 to 51 years. The causes of
death were gastrointestinal bleeding (2), violent deaths (3), and alco-
hol intoxication (1). The mean interval between death and the start of
collection of intimal fluid was 12 h (range 7-16 h). Extracellular fluid
was obtained from the intimal layer of grossly normal-looking areas
of the thoracic and abdominal aorta by the filter paper method of
Smith and Staples (34). Light microscopic examination of the fixed
and stained samples showed that the filter paper was located within
the intimal layer of the aortas. The fluid was collected from the
soaked pieces of filter paper by placing them in 0.5 ml microtubes
(with a slit at their tips) which were placed in 1.5 ml microtubes, and
centrifuging at 20,000 g for 10 min. The concentration of apoAl in the
samples was, on average, 0.7=0.4 mg/ml (range 0.23-1.20 mg/ml).
The recovered intimal fluid was stored at —50°C until use.

Other assays. The protein content was determined by the proce-
dure of Lowry et al. (35) with BSA as standard, and «;-antitrypsin
and apoAl concentrations were determined using commercial kit re-
agents from Orion Diagnostica (Espoo, Finland).

Statistical analysis. Statistical analysis was carried out using Stu-
dent’s ¢ test for paired samples. Any test yielding a P value of < 0.05
was taken to indicate a statistically significant difference.

Results

Effect of granule remnants on lipoprotein-induced cholesterol
efflux. Mouse peritoneal macrophages were loaded with radio-
labeled cholesterol by incubating them with *H-labeled acetyl-
LDL for 18 h. During incubation, the total cholesterol content
of the macrophages increased from ~ 40 to ~ 100 pg/mg cell
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protein, and the cholesteryl ester content from ~ 5 to ~ 60 g/
mg cell protein. The [*H]cholesterol-loaded macrophage foam
cells were then incubated for 6 h in media containing various
concentrations of human serum, and the efflux of FH]choles-
terol from the cells into the medium was measured (Fig. 2 A).
With increasing amounts of serum, the rate of cholesterol ef-
flux from the foam cells increased rapidly to a steady level at a
serum protein concentration of ~ 2.5 mg/ml. Addition of gran-
ule remnants to the incubation medium abolished the high-affin-
ity component responsible for the rapid efflux, and, at low se-
rum concentration, greatly reduced the rate of cholesterol
efflux from the macrophages. Accordingly, in the presence of
granule remnants the efflux process increased almost linearly
with serum concentration, and for cholesterol efflux to reach
the maximum level obtained without remnants, serum was re-
quired at a threefold higher concentration. Similar results were
obtained if human blood plasma (containing the thrombin in-
hibitor PPACK) was used instead of human serum (not
shown). If lipoproteins were removed from the serum by prior
ultracentrifugation (at d = 1.25 g/ml), the rate of cholesterol
efflux was reduced (Fig. 2 B). This difference was especially
pronounced at low serum protein concentrations, the rate of
cholesterol efflux being only 1/3 of that seen in the presence of
whole serum. When granule remnants were added to lipopro-
tein-deficient serum, the rate of cholesterol efflux was reduced
still further, being a linear function of protein concentration
within the range of protein concentrations studied.

We have previously shown that mast cell granule remnants
are able to reduce the ability of human HDI; to induce choles-
terol efflux from macrophage foam cells (10). This was ef-
fected by the neutral protease chymase present in the granule
remnants, which proteolyzed the HDL; particles, so rendering
them unable to function as cholesterol acceptors. The pro-
teolytic activity of the chymase of granule remnants can be in-
hibited by treating the remnants with PMSF. When such
proteolytically inactivated granule remnants were added to
macrophage cultures containing whole serum, there was no

Figure 3. The ability of
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significant reduction in cholesterol efflux (not shown). Thus,
the efflux-blocking effect of the granule remnants was due to
their ability to proteolyze some efflux-promoting components
of serum.

To identify the efflux-inducing serum components sensitive
to the proteolytic action of granule remnant chymase, we next
isolated the following lipoprotein fractions from serum: VLDL
+ IDL (d = 1.006-1.019 g/ml), LDL (d = 1.019-1.063 g/ml),
and three different subclasses of HDL: HDL, (d = 1.063-1.125
g/ml), HDL; (d = 1.125-1.210 g/ml), and VHDL (d = 1.21-
1.25 g/ml) which was immunopurified on an anti-apoAl affinity
column according to Barbaras et al. (26). We then separately
tested the ability of these fractions to induce [*H]cholesterol
efflux from macrophage foam cells in the absence and pres-
ence of proteolytically active granule remnants (Fig. 3). As
shown in A, the VLDL + IDL fraction showed little choles-
terol efflux-promoting effect, and this effect was blocked by
the granule remnants. The LDL fraction showed only an insig-
nificant cholesterol efflux-promoting effect. In contrast, if the
various fractions of serum HDL were added to the incubation
medium, the rate of cholesterol efflux rose sharply with in-
creasing concentrations up to ~ 25 ug/ml of HDL, and then
more slowly. VHDL and HDL; were almost identical in their
cholesterol-promoting activities, and HDL, was somewhat less
effective. Incubation of the various HDL subclasses with gran-
ule remnants greatly reduced their abilities to induce [FH]cho-
lesterol efflux; all three HDL subclasses so treated induced
similar low levels of cholesterol efflux.

To elucidate the role of apoAl, the major constituent of all
density classes of HDL, in the observed granule remnant-
mediated inhibition of cholesterol efflux, we next used an
apoAl-affinity column to remove apoAl-containing particles
(LpAl) from serum. In this LpAI-deficient serum, the rate of
cholesterol efflux was considerably lower than in whole serum,
whether human or mouse macrophages were used (Fig. 4, A
and B). Addition of granule remnants to whole serum de-
creased the efflux rates, as observed previously (compare with
Fig. 2). In sharp contrast, the granule remnants had no effect
on the ability of the LpAl-deficient serum to induce choles-
terol efflux. When LpAl particles isolated from serum were in-
cubated with cholesterol-loaded mouse or human macro-
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phages in the presence or absence of granule remnants, the
results were similar to those obtained with HDL (Fig. 4, C and
D). Thus, when the concentration of LpAl was increased, the
rate of cholesterol efflux rose and, on addition of granule rem-
nants, apoAl-induced cholesterol efflux from both cell types
was strongly inhibited to the same low level.

To investigate the integrity of apoAl and apoAll in various
acceptors after granule treatment, we degraded intimal fluid,
serum, LpAI and HDL; with granule remnants at 37°C for 18 h
and subjected them to immunoblotting. The granule remnant-
treated samples contained, not only intact apoAl, but also
fragments with estimated molecular weights ranging from
~ 10 to 26 kD (Fig. 5 A). After treatment with granule rem-
nants, a new band became visible in the Western blot of
apoAll, with an estimated molecular mass of ~ 10 kD (Fig. 5
B). Since the granule remnants degraded both apoAl and
apoAll, we next studied the effect of the remnants on the
functional properties of the two apolipoproteins separately.
For this purpose, HDL; was divided by immunoaffinity chro-
matography into two particle populations according to the
apolipoprotein content: one containing apoAl and apoAIl
[HDL;(AI w AII)], and the other containing apoAl, but not
apoAIl [HDL,;(AI w/o AIT)] (26). The particles in both popu-
lations promoted cholesterol efflux from cholesterol-loaded
human monocyte-derived macrophages, and in both cases ad-
dition of granule remnants to the system decreased the efflux
(Table I).

Determination of the cellular cholesteryl ester content of
mouse macrophage foam cells revealed that all the acceptors
which induced efflux of [*H]cholesterol were also able to in-
duce net efflux of cholesterol from the foam cells (Table II).
Moreover, in each case, treatment with proteolytically active
granule remnants significantly reduced the acceptor-induced
net efflux of cholesterol. Human monocyte-derived macro-
phages also released cholesterol when incubated with HDL,,

2178  Lindstedt et al.

LpAT (pg/mi)

centration.

and this net efflux was significantly reduced if the HDL; had
been pretreated with mast cell granule remnants.

Susceptibility of granule remnants and isolated chymase to
inhibition with proteaze inhibitors. The ability of granule rem-
nants to proteolyze and so inactivate the cholesterol efflux-
promoting components of serum revealed that, in the presence
of the natural protease inhibitors in serum, the activity of gran-
ule remnant chymase was not totally inhibited. In the granule
remnants, chymase is embedded in a heparin proteoglycan ma-
trix, where it is tightly bound to heparin glycosaminoglycan
chains (13). To investigate the relevance of the spatial rela-
tions between chymase and heparin proteoglycans in the rem-
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Figure 5. Western blots of (A) apoAl or (B) apoAll of granule rem-
nant-treated intimal fluid, serum, LpAl, and HDL;. Intimal fluid
(2%), serum (1%), LpAI (1 mg/ml), or HDL; (1 mg/ml) were incu-
bated at 37°C for 18 h in 50 pl of a mixture comprising 150 mM NaCl,
1 mM EDTA, and 5 mM Tris-HCI, pH 7.4, in the presence or absence
of 5 pg of granule remnants. After incubation, aliquots of treated and
untreated samples were applied to 15% SDS-PAGE gel in nonreduc-
ing conditions, and transferred to a nitrocellulose membrane, and
apoAl and apoAII were immunolocalized. In A and B: Lane 1, inti-
mal fluid; lane 2, granule-treated intimal fluid; lane 3, serum; lane 4,
granule-treated serum; lane 5, LpAl, line 6, granule-treated LpAl;
line 7, HDLg; line 8, granule-treated HDL;. Molecular weight stan-
dards: soybean trypsin inhibitor (32.6 kD), lysozyme (18 kD), and
aprotinin (7.5 kD).



Table 1. Ability of Mast Cell Granule Remnants to Inhibit Cholesterol Efflux from Cholesterol-loaded Human Monocyte-derived
Macrophages Promoted by HD L; (AI w/o AIl) or HDL; (Al w All)

Efflux of cholesterol

Experiment A Experiment B

Acceptor (—)Granule remnants (+)Granule remnants (—)Granule remnants (+)Granule remnants
[FH]cholesterol in medium, dpm/dish
HDL, 4,700 (100) 2,600 (55) 13,500 (100) 4,100 (30)
HDL, (Al w/o AII) 2,600 (100) 1,800 (69) 6,700 (100) 3,000 (45)
HDL, (Al w All) 4,200 (100) 2,000 (48) 8,500 (100) 3,100 (36)

[*H]Cholesterol-loaded human monocyte-derived macrophages were incubated with 25 pg/ml of acceptor particles in the presence or absence of
granule remnants (6 pg/dish). After incubation at 37°C for 6 h, the *H radioactivity of the medium was determined. Values for two experiments are
shown. Each value is the mean of duplicate incubations. The relative values (in percent) are shown in parentheses.

nants for the ability of the chymase to resist natural protease
inhibitors, we isolated and purified the chymase (“isolated
chymase,” see Methods) and measured the proteolytic activity
of this isolated chymase and of granule remnant-bound chy-
mase (i.e., granule remnants) in the presence of serum. For
comparison, we also used a-chymotrypsin, an endopeptidase
with similar specificity to chymase. The proteolytic activities of
granule remnant-bound chymase, isolated chymase, and a-chy-
motrypsin (each 17 BTEE units) were determined by measur-
ing the production of TCA-soluble material from '*I-labeled
apolipoproteins of HDL; in the absence and presence of 10%
serum (Fig. 6). In the absence of serum, the granule remnant-
bound chymase and isolated chymase degraded HDL, at

roughly equal rates, but less rapidly than a-chymotrypsin.
When serum was added to the incubation system, the activities
of isolated chymase and a-chymotrypsin were almost totally
blocked. In contrast, the ability of granule remnants to proteo-
lyze 'ZI-HDL; was inhibited by only ~ 50%, so leaving signifi-
cant residual proteolytic activity in the presence of serum. Sim-
ilarly, the chymase in the granule remnants was resistant to the
protease inhibitors present in rat serum (data not shown).

The ability of granule remnants to degrade HDL; in the
presence of intimal fluid. We next collected intimal fluid from
four human aortas (of autopsied subjects; see Methods), and
compared the abilities of granule remnant-bound chymase and
isolated chymase to proteolyze HDL; in the presence of in-

Table I1. Effect of Granule Remnants on Net Efflux of Cholesterol from Macrophage Foam Cells to Various Cholesterol Acceptors

Net efflux of cholesterol

Acceptor (—)Granule remnants (+)Granule remnants P

ug cholesteryl esters/mg cell protein

Mouse macrophages (n = 4)

Serum (1.5 mg/ml) —13+9 +8+10 0.014
LPDS (1.5 mg/ml) -16x12 —5%7 0.050
Serum w/o LpAlI (1.5 mg/ml) —3=*5 —2=*2 0.528
HDL, (25 pg/ml) —11%9 —4+9 0.098
HDL, (25 pg/ml) —16=11 —4+4 0.002
VHDL (25 pg/ml) —14%9 —3+8 0.010
LpAI (25 pg/ml) -10=8 —5%5 0.033
Human monocyte-derived macrophages (n = 8)
HDL, (25 pg/ml) —-35+18 —-23+17 0.016

Mouse macrophages (containing, on average, 4.3 pug cholesteryl esters/mg cell protein) were incubated with 20 pg/ml of acetyl-LDL for 18 h. The cho-
lesterol-loaded mouse macrophages (foam cells containing, on average, 62 pg cholesteryl esters/mg cell protein) were then washed, and fresh medium
containing the indicated concentrations of the indicated acceptors was added, in the absence (left column) or presence (middle column) of granule
remnants (6 pg/dish). Human monocyte-derived macrophages (containing, on average, 2.5 pg cholesteryl esters/mg cell protein) were incubated with
25 pg/ml of acetyle-LDL for 48 h. The cholesterol-loaded human macrophages (foam cells containing, on average, 93 pg cholesteryl esters/mg cell
protein) were then washed, fresh medium was added containing the indicated concentration of either control HDL; (left column) or HDL; which had
been pretreated with 20 wg/ml granule remnants for 18 h (middle column). After incubation at 37°C for 6 h (mouse macrophages) or for 12 h (human
monocyte-derived macrophages), the cellular cholesteryl ester contents were determined (see Methods). The net cholesterol efflux from the mac-
rophage foam cells is the difference between the cellular cholesteryl ester contents before and after incubation with the indicated acceptors. Values
are means+SD. Each mean is the average of triplicate incubations from a single experiment. The total number of experiments with mouse macro-
phages was 4, and with human macrophages 8. Negative values (—) represent decreases, and positive values (+) (one case) increases in cellular cho-
lesteryl ester content. P values (right column) were determined by Student’s ¢ test for paired samples.
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Figure 6. Degradation
of HDL; by (A) a-chy-
motrypsin, (B) isolated
chymase, or (C) mast
A cell granule remnants
in the presence of se-
rum. »I-HDL; (0.6 mg/
5 F ml, 0.5 cpm/ng) was in-
cubated at 37°C for 2 h
in a mixture consisting
of 100 pl of 150 mM
NaCl, 1 mM EDTA,
and 5 mM Tris-HCI, pH
7.4, with a-chymotryp-
sin (17 BTEE units),
with isolated chymase
(17 BTEE units), or
with granule remnants
(17 BTEE units) in the
presence or absence of
10% serum. After incu-
bation, the amount of
TCA-soluble T radio-
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creasing concentrations of the intimal fluid. In each of the four
cases studied, intimal fluid strongly inhibited the proteolytic
activity of the isolated chymase, inhibition being total when
the proportion of intimal fluid reached 16% (Fig. 7). At the
same concentration of intimal fluid, inhibition of granule rem-
nant-bound chymase was much weaker and varied consider-
ably from case to case. Even at the highest concentration of
intimal fluid used (64 vol%), inhibition was not total, the re-
maining activity ranging from 10 to 50% of the control values
observed in the absence of intimal fluid.

Finally, to study if the observed residual proteolytic activity
of granule chymase in the intimal fluid was sufficient to inhibit
the cholesterol efflux-promoting activity of intimal fluid, we
incubated cholesterol-loaded human monocyte-derived mac-
rophages in intimal fluid from two additional human aortas
(cases 5 and 6), and measured the rate of cholesterol efflux
(Fig. 8, A and B). When increasing amounts (up to 2.5 vol%)
of intimal fluid were present in the incubation medium, the ef-
flux of cholesterol from the loaded human monocyte-derived
macrophages at first rose sharply and then more slowly. If the
intimal fluid was pretreated with granule remnants, the high-
affinity component of the efflux was eliminated.

Discussion

The present study demonstrates that exocytosed mast cell
granules can proteolytically modify serum and aortic intimal
fluid—a physiological ultrafiltrate of serum—and so prevent
these two fluids from effectively promoting cholesterol efflux
from macrophage foam cells. Our study of this proteolytic sys-
tem led us to identify two components of the cholesterol efflux
mechanism, one protease-sensitive and the other protease-insen-
sitive. The protease-sensitive component rose sharply to a sat-
uration level at a low serum total protein concentration; this
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Figure 7. Degradation of HDL; by mast cell granule remnants or iso-
lated chymase in the presence of extracellular fluid obtained from hu-
man aortic intima. '*I-HDL; (0.6 mg/ml, 0.5 cpm/ng) was incubated
at 37°C for 2 h in 20 pl of a mixture comprising 150 mM NaCl, 1 mM
EDTA, and 5 mM Tris-HCL, pH 7.4, with granule remnants (10 p.g;
17 BTEE units) or isolated chymase (17 BTEE units) in the presence
of 4, 8,16, 32 and 64% (vol/vol) of intimal fluid obtained from four
aortic samples. After incubation, the amounts of TCA-soluble %1 ra-
dioactivity were determined, calculated as percents of the '»I-HDL;
degradation in the absence of intimal fluid (control), and plotted as a
function of inhibitor concentration. In the different cases, the control
values (100%) for granule remnants and isolated chymase, respec-
tively, were 8 and 11% (case 1), 9 and 12% (case 2), 13 and 22% (case
3), and 14 and 23% (case 4) of the total I radioactivity in HDL.

Figure 8. The ability of
A. mast cell granule rem-
104 nants to inhibit choles-
terol efflux from choles-
terol-loaded human
monocyte-derived mac-
rophages promoted by
aortic intimal fluid.
Samples of aortic inti-
- mal fluid (2.5 vol%) ob-
5 + Granule remnants tained from two aortic
specimens (A and B)

B. were incubated at 37°C
I for 18 h in the absence
or presence of 50 pg/ml
of granule remnants in
medium A. After incu-
bation, the granules
were removed by cen-
trifugation, and various
° volumes of the treated
intimal fluid were
added to cholesterol-
loaded macrophage
monolayers. Medium A
was then added to give
the indicated concentrations (vol%) of intimal fluid in a final volume
of 300 pl. After incubation at 37°C for 6 h, the 3H radioactivity of the
medium in each dish was determined and plottted as a function of in-
timal fluid concentration.
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component was designated the “high-affinity cholesterol ef-
flux-promoting component” of serum. Removal of apoAl-con-
taining particles from serum was accompanied by simulta-
neous loss of the capacity for high-affinity efflux and of the
protease sensitivity of the serum, showing that the protease-
sensitive serum component responsible for the high affinity ef-
flux contained apolipoprotein Al. The result was similar if the
total HDL fraction (d = 1.063-1.215 g/ml; not shown), one of
its subfractions HDL,, HDL;, VHDL, or a suspension of
apoAl-containing particles was used instead of serum. The li-
poprotein-deficient serum (d > 1.25), which still contained
free apoAl, possessed a smaller amount of the high affinity ef-
flux-promoting component, which was protease-sensitive (com-
pare Fig. 2, A and B). Thus, the exocytosed mast cell granules
proteolytically incapacitated the components of serum that are
most closely associated with cholesterol efflux from cells (36).

A fraction of the lipoproteins in HDL particles responsible
for the high-affinity cholesterol-efflux promoting activity of se-
rum contain, not only apoAl, but also apoAlI (37). By isolat-
ing lipoprotein particles from the apoE-free HDL; fraction
containing apoAl but not apoAll, and particles that contain
both apoAl and apoAll, and treating them with mast cell
granules, we showed that both of these physiological particle
classes promote cholesterol efflux from macrophage foam cells,
and that this activity is sensitive to protease treatment. How-
ever, since some of the LpAl and LpAI/AIl also contain
apoAlV, we cannot draw conclusions about the relative im-
portance of the various apoAs of these particles in the pro-
tease-sensitive high-affinity efflux of cholesterol. Interestingly,
Oram et al. (38), who treated the HDL; density fraction of se-
rum with either trypsin or pronase, observed that, after exten-
sive proteolytic treatment, the protease-modified HDL; parti-
cles contained no detectable intact apoAll and only small
amounts of intact apoAl. The ability of such protease-modi-
fied HDL; to promote cholesterol efflux from cholesterol-
loaded fibroblasts was greatly reduced.

The other major observation in the present study was that
the proteolytic activity (i.e., chymase activity) of mast cell
granule remnants resists the protease inhibitors present in se-
rum. The type of experimentation used did not allow us to
draw conclusions about the mechanism responsible for this re-
sistance. However, once the chymase was released from the
heparin proteoglycan matrix of the granule remnants, its resis-
tance was lost, an observation which shows the importance of
heparin binding for the maintenance of chymase activity in a
serum-containing medium. It is this resistance to proteinase in-
hibitors which enables the granule remnants to remain par-
tially active in fluids containing both the target molecules and
the physiological inhibitors of chymase, i.e., in serum and inti-
mal fluid. The conclusion that chymase is protected against
protease inhibitors when bound to the heparin proteoglycans
of the granule remnants is further supported by the findings
that addition of isolated chymase or commercial a-chymo-
trypsin to serum failed to cause any degradation of HDL; or to
reduce the ability of serum to induce cholesterol efflux from
macrophage foam cells. Since the other commercially available
serine proteases commonly used, such as trypsin or pronase,
are known to be sensitive to inhibition by proteinase inhibi-
tors, it is likely that, if added to serum or to intimal fluid, they
would fail to degrade and inactivate the apoAs. The mecha-
nism involved in the chymase resistance to natural inhibitors is
now being subjected to further studies in our laboratory.

Chymase is the first natural protease present in the arterial
intima (15-17) that has been found to inhibit cholesterol efflux
from macrophage foam cells in vitro. We also found that hu-
man skin chymase (39) effectively degrades the apolipopro-
teins of HDL; (data not shown). Several other proteolytic en-
zymes are secreted by cells present in the arterial intima, e.g.,
macrophages, smooth muscle cells, and T lymphocytes, and
these proteases could also potentially act on apoAl (and
apoAll and apoAIV) (40-43). Furthermore, plasmin, throm-
bin, and kallikrein, three plasma-derived enzymes which have
also been found in the arterial intima (44, 45), have been
shown to cleave apoAl (46). It remains to be shown which of
these proteolytic enzymes are present in active form in the inti-
mal fluid. Our findings emphasize the importance of studying
enzymes in their physiological form (e.g., chymase bound to
granule heparin), instead of in isolated and purified forms. In-
deed, even plasmin is protected from its natural inhibitors only
when bound to specific receptors on cellular (or bacterial) sur-
faces (47).

The resistance of the proteolytic activity of granule rem-
nants to protease inhibitors was only partial and highly vari-
able. The reason for this variation has not yet been elucidated.
In one autopsy case we compared the concentrations of o;-anti-
trypsin in the intimal fluid and serum, and found that the con-
centration in intimal fluid was 40% of that in serum, a result
according with those of Smith et al. (19). Moreover, the two
other proteinase inhibitors to which chymase is sensitive, a,-
macroglobulin and a;-antichymotrypsin, are likely to filter into
extracellular fluids such as the intimal fluid. Thus, the actual
degree of chymase inhibition in the intimal fluid probably de-
pends on the concentrations of the various protease inhibitors
in this body fluid. Because of the small volumes of intimal fluid
available, we did not make a systematic study of this point. In a
previous study, we found that degradation of the apoliproteins
of HDL; by < 5% is sufficient to impede the cholesterol ef-
flux-promoting ability of these particles (10). We did not de-
termine which lipoprotein particles in the intimal fluid were re-
sponsible for its cholesterol efflux-inducing capacity. However,
in immunoblots we detected signs indicating degradation of
both apoAl and apoAll. Recent observations with lymphatic
fluid and with sophisticated in vitro systems have suggested
that the process of cholesterol efflux from cells into the extra-
cellular fluid in vivo does involve a specific subgroup of HDL
particles, the preBHDL (48-50). These particles contain
apoAl as their sole apolipoprotein, and the conformation of
apoAl in the preBHDL appears to render it exquisitely sensi-
tive to proteolytic cleavage (46). Thus, the most likely candi-
dates for the protease-sensitive high-affinity efflux in the inti-
mal fluid are the prep particles.

In summary, the present findings show that in the aortic in-
timal fluid, a fraction of the cholesterol efflux-promoting activ-
ity is sensitive to proteolytic inhibition. It remains to be investi-
gated whether the other suggested antiatherogenic properties
of apoAl-containing lipoproteins, such as antioxidant, anti-
thrombotic, or anti-inflammatory properties (51), are affected
by proteolytic degradation of apoAl. Since mast cell granules
inhibit the high-affinity component of the efflux process at low
levels of acceptor particles, the inhibitory mechanism de-
scribed in this paper is likely to have a significant effect when
the level of HDL particles in blood plasma, and consequently
also in intimal fluid, is low. As yet, however, we cannot mea-
sure the extent to which intimal mast cells inhibit the local ef-
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flux of cholesterol from macrophage foam cells in the arterial
wall. Recent observations that the numbers of degranulated
mast cells in the foam cell-containing areas of human aorta and
coronary arteries (15-17) are increased would suggest that, in
the atherosclerosis-prone areas of the arterial wall, mast cells
can alter the delicate balance between cholesterol influx and
efflux, and so contribute to the formation and maintenance of
foam cells in these vulnerable intimal areas.
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