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Research Article

Human monocyte-derived macrophages in culture produced lipoprotein lipase. Although freshly isolated blood monocytes did not secrete
much lipase activity, 1 d in culture was sufficient to trigger measureable enzyme production. During 3 wk in culture, maximal activity was
attained after 7 d. At all times, the culture medium contained more enzyme activity than did a serum-heparin eluate or a detergent extract
of the cell layer. The lipase activity was stimulated by serum and was inhibited by preincubation with antiserum to bovine lipoprotein lipase
or when assayed at a high salt concentration. Furthermore, the enzyme bound to a heparin-Sepharose affinity column at physiological
ionic strength. Cells cultured from a subject with primary lipoprotein lipase deficiency secreted no detectable enzyme. Since macrophages
are prominent components of atherosclerotic lesions in man, their ability to synthesize and secrete lipoprotein lipase may be important to
atherogenesis.
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Lipoprotein Lipase Secretion by Human

Monocyte-derived Macrophages

ALAN CHAIT, PER-HENRIK IVERIUS, and JOHN D. BRUNZELL, Division of
Metabolism and Endocrinology, Department of Medicine, University of

Washington, Seattle, Washington 98195

ABSTRACT Human monocyte-derived macro-
phages in culture produced lipoprotein lipase. Al-
though freshly isolated blood monocytes did not se-
crete much lipase activity, 1 d in culture was sufficient
to trigger measureable enzyme production. During 3
wk in culture, maximal activity was attained after 7
d. At all times, the culture medium contained more
enzyme activity than did a serum-heparin eluate or
a detergent extract of the cell layer. The lipase activity
was stimulated by serum and was inhibited by prein-
cubation with antiserum to bovine lipoprotein lipase
or when assayed at a high salt concentration. Fur-
thermore, the enzyme bound to a heparin-Sepharose
affinity column at physiological ionic strength. Cells
cultured from a subject with primary lipoprotein lipase
deficiency secreted no detectable enzyme. Since mac-
rophages are prominent components of atherosclerotic
lesions in man, their ability to synthesize and secrete
lipoprotein lipase may be important to atherogenesis.

INTRODUCTION

Macrophages recently have received renewed atten-
tion in relation to their potential role in atherogenesis
because they appear to be precursors of some arterial
wall foam cells. The intracellular accumulation of lipid
may be mediated by cell surface receptors that rec-
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ognize chemically modified lipoproteins (1, 2). Also,
macrophages secrete a multitude of products (3), some
of which may be important in atherogenesis (4).
Zilversmit (5) has proposed that lipid accumulation in
atherosclerotic lesions may be facilitated by the local
production of lipoprotein lipase, which would trans-
form triglyceride-rich lipoproteins into remnants that
are small enough to enter the arterial wall (5). There-
fore, the recent demonstration that macrophages of
animal origin produce lipoprotein lipase (6) is of con-
siderable interest. The present study was undertaken
to determine whether macrophages of human origin
also produce this enzyme.

METHODS

Subjects. Monocytes were obtained from two normal fe-
male volunteers (S.M. and C.M.) aged 27 and 26, respec-
tively, and from a 31-yr-old male (R. S.) with primary li-
poprotein lipase deficiency. This patient had no lipoprotein
lipase activity either in his adipose tissue or plasma during
an infusion of heparin (subject No. 4 in reference 7).

Isolation and culture of monocyte/macrophages. Mono-
cytes were separated from whole blood by method B of Fo-
gelman et al. (8). In brief, erythrocytes were removed by
sedimentation in Plasmagel, after which the leukocytes in
the supernatant plasma were separated by counterflow cen-
trifugation in a Beckman J6 Elutriator rotor (Beckman In-
struments, Inc., Palo Alto, Calif.). Cells from the late ap-
pearing monocyte enriched fractions were then centrifuged
through Ficoll-Hypaque, yielding a preparation of mono-
cytes that was ~95% pure.

These cells either were used immediately for experiments,
or were maintained in culture (9). For culture, monocytes
were plated into 35-mm plastic tissue culture dishes (5 X 10°
cells/dish) in RPMI'1640 medium containing 20% autologous
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TABLE 1
Lipoprotein Lipase Activity in Freshly Isolated Human Monocytes and Cultured Monocyte-derived Macrophages

Lipoprotein lipase activity®

Enzyme source Subject Day 0 Day 1 Day 4 Day 7 Day 14 Day 21
nmol/min/ nmol/min/dish
5 X 10° cells
Culture medium Normal (S.M.) — 13.3+0.5 33.6+0.6 57.3+1.2 49.710.8 39.5+1.3
Normal (C.M.) — 12.0+0.2 37.6x1.4 57.7+2.5 56.9+1.6 —_
Patient (R.S.) — 0 0 0 0 —_
Heparin eluate Normal (S.M.) 0 2.4+0.2 2.7+0.1 6.7+0.3 3.9+0.1 4.240.1
Normal (C.M.) 0.5+0.2 1.5+0.1 1.4+0 6.6+0.1 4.9+0.2 —
Patient (R.S.) 0 0 0 0 0 —
Cell extract Normal (S.M.) 1.410.1 3.8+0.3 4.6+0.2 4.5+0.2 8.2+0.4 6.1+0.3
Normal (C.M.) 1.0+0.5 1.2+0.2 2.1+0.3 6.410.8 5.1+0.4 —
Patient (R.S.) 0 0 0 0 0.2 —

° Enzyme activity is expressed as nanomoles of fatty acids released per minute. Values shown are mean+SEM of three dishes from each
of the normal subjects and of two dishes from the lipoprotein lipase-deficient patient. Interassay variation was corrected for by including
in each assay a bovine milk lipoprotein lipase standard that was stored at —70°C (11).

serum that had not been heat inactivated. The dishes were
maintained in a 37°C incubator with humidified 95% air/
5% CO, and fed the same medium every 2-3 d.

Lipoprotein lipase assay. Lipoprotein lipase in the in-
cubation medium at each time point was measured after
feeding cells with fresh medium 24 h earlier, e.g. day 7 val-
ues were obtained by changing the medium on day 6 and
measuring the enzyme activity 1 d later. After removing the
medium, the monocyte/macrophage layer was washed once
with Krebs-Ringer phosphate (KRP)! buffer at 37°C, and
0.5 ml KRP buffer containing 25% (vol/vol) of serum and
50 ug/ml heparin was added to the dishes. The cells were
then incubated for 30 min at 37°C for the measurement of
heparin eluted lipoprotein lipase activity. At the end of this
incubation period, the medium was removed, the cell layer
was washed five times with KRP buffer and 1.25 ml of a
detergent solution (0.2% (vol/vol) sodium deoxycholate,
0.008% Nonidet P-40, 50 ug/ml heparin, 10 mg/ml bovine
serum albumin, and 0.25M sucrose in 0.22 M Tris-HCI
buffer, pH 8.5) was added to extract the cell layer. The cell
extract was removed by scraping with a Teflon policeman
and then was homogenized using a glass homogenizer. After
centrifugation for 15 min at 12,000 g, an aliquot was assayed
for lipoprotein lipase. Pellets of freshly isolated monocytes
were subjected to serum-heparin elution and detergent ex-
tractions by the procedures used for the cell layers, except
that the KRP buffer washes were omitted.

To test whether serum stimulated the lipase activity pres-
ent in the incubation medium, an aliquot of medium was
subjected to affinity chromatography on a column (0.5 ml)
of heparin-Sepharose CL-6B at 4°C (10). After washing the
column with 1.5 ml of 0.5 M NaCl/0.01 M sodium phosphate
(pH 7.5) 15% (vol/vol) glycerol, the lipase activity was eluted
with 1.5 ml of 1.0 M NaCl in the same buffer. The eluted
enzyme activity then was assayed in the presence and ab-
sence of 5% (vol/vol) serum.

! Abbreviation used in this paper: KRP buffer, Krebs-
Ringer phosphate buffer.

Lipoprotein lipase was assayed by a modification of pre-
viously described methods (11, 12) using an emulsion of ra-
diolabeled triolein and lecithin as substrate. Adjustments
were made such that the final assay mixture contained 10
ug/ml heparin, 5 mg/ml glycerol-tri-{**CJoleate (0.05 uCi/
mg sp act), emulsified with lecithin (0.6 mg/ml), and acti-
vated with 5% (vol/vol) pooled human serum. In some ex-
periments, serum was omitted from the assay mixture, or
NaCl was added to yield an ionic strength of 1.0. Aliquots
of culture medium, serum-heparin eluted enzyme, or cell
extracts were incubated with the substrate for 60 min at
37°C. The inclusion of detergent did not alter significantly
the measured lipase activity. The liberated fatty acids were
extracted by the method of Belfrage and Vaughan (13) and
measured by liquid scintillation counting (Packard Tri-Carb,
Packard Instrument Co., Downers Grove, Ill.). Enzyme ac-
tivity was expressed as nanomoles of fatty acids released per
minute.

RESULTS

To determine whether monocytes or monocyte-de-
rived macrophages produce lipoprotein lipase, enzyme
activity was determined in freshly isolated cells and
after 1, 4, 7, 14, and 21 d in culture. In freshly isolated
monocytes, lipoprotein lipase was detected in the cell
extracts from both normal subjects and at low activity
in the heparin-eluate from one (Table I). However, 1
d in culture was enough to increase the activity in the
extract as well as to stimulate the release of activity
into a heparin eluate and into the culture medium.
Continued culture of the cells resulted in a progressive
increase in all three fractions. Peak activities in the
culture medium and the heparin eluate were seen after
7 d whereas maximal activity in the cell extract was
observed after 7 and 14 d, respectively in the two nor-
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TABLE II
Effect of Antiserum to Lipoprotein Lipase on Lipase Activity
in Human Macrophage Cell Extracts

Preincubation additive

Subject Normal rabbit serum Antiserum
Lipase activity
nmol/min/ml
Normal C.M. 18.0 2.3
Patient R.S. 0.8 1.3
Bovine milk lipase 90.2 4.3

Culture dishes (day 7) were washed five times with KRP buffer
after which the cell layers of three dishes from each subject were
consecutively extracted with 1.25 ml of detergent and processed
as described in Methods. Aliquots of each cell extract or a 20,000-
fold diluted sample of purified bovine milk lipoprotein lipase (5
mg/ml) (10) were incubated at 4°C for 2 h with an equal volume
of either normal rabbit serum or antiserum to bovine milk lipo-
protein lipase before assay of enzyme activity.

mal subjects. Throughout the 21 d in culture the high-
est activities always were observed in the culture me-
dium (Table I). By contrast, macrophages from a
patient lacking lipoprotein lipase in postheparin plasma
and adipose tissue failed to produce detectable lipo-
protein lipase activity during 14 d in culture (Table
I). A small amount of lipolytic activity occasionally
observed in the cell extracts from this patient was not
inhibited by preincubation with an antiserum to li-
poprotein lipase (Table II), and is therefore a different
enzyme or an assay artifact.

The lipase activity elaborated by the cells from the
normal subjects was stimulated by the presence of
serum and also was completely inhibited by high ionic
strength (Table III). Furthermore, the lipase bound to

heparin-Sepharose in the presence of 0.5 M NaCl (Ta-
ble III) and was almost completely inhibited by an
antiserum to lipoprotein lipase (Table II). These char-
acteristics establish that the measured enzyme activity
indeed is lipoprotein lipase (14).

DISCUSSION

These studies show for the first time that human mono-
cyte-derived macrophages synthesize and secrete li-
poprotein lipase. Recent studies have shown that an
established cell line of mouse ascites tumor origin se-
crete this enzyme, which was identified as lipoprotein
lipase by its requirement for apoprotein C-1I, a pH
optimum of 8.2, inhibition with 1 M NaCl, tight bind-
ing to a heparin-Sepharose affinity column, and en-
hanced secretion by heparin (6). Lipoprotein lipase
also was present in extracts of rabbit alveolar macro-
phages (6). The present study confirms that the enzyme
present in and secreted by human monocyte/macro-
phages also is lipoprotein lipase. It is inhibited by high
ionic strength NaCl, requires serum for activation,
binds to heparin-Sepharose, and is inhibited by an an-
tiserum to lipoprotein lipase. Equally compelling is
that cells derived from an individual with a well char-
acterized primary deficiency of lipoprotein lipase (7)
were unable to secrete the enzyme. The small amount
of lipolytic activity that was occasionally detected in
the cell extract from this patient is unlikely to be li-
poprotein lipase, because an effective antibody against
this enzyme failed to inhibit this lipolytic activity.
Because macrophages of three widely different
origins produce lipoprotein lipase, it is likely that the
enzyme is ubiquitous in this cell type. The physiolog-
ical role of macrophage lipoprotein lipase remains to
be established. It is possible that lipoprotein lipase

TaBLE III
Effect of Serum and Ionic Strength on Lipase Activity from Cultured Human Macrophages®

Lipase activity

Enzyme source +Serum, ionic strength, 0.16%

—Serum, ionic strength, 0.16¢ +Serum, ionic strength, 1.03

nmol/min/dish %
Culture medium 55.6 100
Heparin eluate 6.7 100
Cell extract 39 100

nmol/min/dish % nmol/min/dish %
—$ —§ 0 0

I _n 0 0

0.4 10 0 0

° The experiment was performed with cultures obtained from normal subject S.M., day 7.

t Tris—-HCI buffer contributed an ionic strength of 0.05; the remainder was NaCl.

§ The serum content of the culture medium contributed a serum concentration of 2% (vol/vol) to the complete assay mixture, and thus
decreased the effect of further serum additions. Therefore, an aliquot of medium (3 ml) pooled from four dishes (normal subject C.M.,
day 12) was subjected to affinity chromatography on a heparin-Sepharose column (Methods). 80% of the lipase was recovered by elution
with 1.5 ml of 1.0 M NaCl. The activity of the purified enzyme assayed without serum was only 7.6% of that obtained in the presence

of a standard serum concentration (5%, vol/vol).

" Elution of cell layer with heparin in the absence of serum did not yield enough enzyme activity for testing of serum stimulation.
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hydrolyzes triglycerides to supply the cells with the
energy required for synthesis of its multitude of prod-
ucts secreted after blood monocytes have been con-
verted to tissue macrophages (3). Alternatively, lipo-
protein lipase could participate in the scavenger
function of these cells.

The finding that macrophages produce lipopro-
tein lipase is of particular interest because lipoprotein
lipase has been previously identified in arterial
atheromatous plaques (15), but not in normal artery.
It is likely that macrophages are the source of this
enzyme rather than endothelial cells, thus giving Zil-
versmit’s hypothesis (5), i.e., that lipoprotein lipase
may facilitate arterial wall lipid accumulation, a new
perspective. Synthesis and secretion of lipoprotein li-
pase by macrophages could favor local accumulation
of remnantlike particles in areas of endothelial de-
nudation that could lead to accumulation of lipid in
arterial wall cells and foam cell formation.
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