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ACTIVATED MACROPHAGES DIGEST THE EXTRACELLULAR
MATRIX PROTEINS PRODUCED BY CULTURED CELLS
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SUMMARY: Activated mouse peritomeal macrophages were cultured directly on the
extracellular matrix proteins produced by smooth muscle cells in vitro. The
breakdown of the connective tissue proteins to the level of amino acids was
followed by observing the release of radicactivity from matrices labelled with
[3H]proline. These studies showed that macrophages produce enzymes capable of
digesting the matrix and indicated a major role for the macrophage plasminogen
activator in this digestion.

The extracellular matrix is a complicated mixture of insoluble structural
proteins, proteoglycans, soluble proteins and diffusible metabolites. Its
breakdown is of fundamental importance to many normal and pathological conditions
such as tissue remodelling, wound healing and tumor invasion. Matrix breakdown
probably requires a battery of enzymes working together, since many of the com~
ponents, eg. collagen and elastin, are only efficiently degraded by specific pro-
teases (1,2).

In this communication, we describe the complete degradation, by activated
mouse peritoneal macrophages, of the matrix proteins synthesized by cultured
smooth muscle cells. The smooth muscle cells cultured in the presence of
[3H]proline, synthesize an extensive radioactively labelled matrix, containing
glycoprotein(s), elastin and collagen,which remains on the bottom of culture
dishes following removal of the producer cells by mild alkaline treatment (3).
Activated macrophages which secrete plasminogen activator (4), elastase (5)

and collagenase (6) were then cultured on the matrix so that its breakdown

could be followed.
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MATERIALS AND METHODS

Production of Dishes Containing Labelled Matrix: Smooth muscle cells
obtained from 4th to 8th passage stock cultures (3) were seeded into 35mm
dishes (105/dish). The cultures were treated with 50 ug/ml of ascorbate on
the following day and received fresh ascorbate daily. [3H]proline (1 uc/ml)
was added 5 days after seeding and the matrix prepared 7 days later. The
cultures were washed once with phosphate buffered saline and the cells lysed in
0.25N NH4OH for 30 min at room temperature. The matrix was then vigorously
washed with distilled water followed by 70% ethanol and allowed to dry at 37°C.
The dried dishes were allowed to stand for 5 min in 70% ethanol and then washed
three times with sterile saline before the addition of cells in experiments
where sterility was required. Sequential enzyme analysis of these matrices
demonstrated that 34% of the proline radiocactivity was released by trypsin, a
further 43% by elastase and 21% by collagenase.

Preparation of Activated Macrophages: Thioglycollate-activated mouse
peritoneal macrophages were prepared as described by Gordon et al. (7) and
cultured in McCoy's 5A medium. Acid-treated serum and plasminogen depleted
serum were prepared by standard methods (8).

Digestion Studies: Dishes containing [3H]proline~1abelled matrix were
incubated at 370C under the conditions outlined in the text. Samples (100 ul)
were withdrawn at the end of the required incubation times, added to 5 ml of
Instagel (Packard Instruments, Downers Grove, I1linois) and the radioactivity
determined in a Packard Liquid Scintillation Spectrometer. The dishes were then
washed and the residual radioactivity determined following overnight digestion
in 2N NaOH at 379C and neutralization with concentrated HC1 (3). The total
radioactivity present on each dish was then determined by the addition of the
values obtained for the residual and solubilized radiocactivity and the results
expressed in each case as percentages of the total radiocactivity released.

Sephadex Chromatography: Analyses of digestion products were carried out
on a Sephadex G-25 column (26 x 1.8 cm). The running buffer was 0.2M Tris HCL
pH 7.6, containing 0.1%Z sodium azide and 0.1 mg/ml bovine serum albumin. Frac-
tions of 1.5 ml each were collected and the radioactivity present in 0.5 ml
samples determined in 5 ml of Instagel. The column was calibrated with Blue
Dextran which was recovered in fraction 14 and with [3H]proline, which was re-
covered in fraction 27. Recovery of radiocactivity from the columns was con-
sistently found to be of the order of 957%.

RESULTS

Matrix Degradation by Living Cells. The kineties of degradation of the

matrix by living macrophages plated directly onto the labelled proteins are
shown in Fig. 1. The rate of digestion was dependent on the serum supplement,
with the slowest degradation occurring under serum-free conditions and the most
rapid in the presence of dog serum which contains high levels of plasminogen (9).
Destruction of the protease inhibitors in fetal bovine serum by acid treatment,
caused an increase in the hydrolysis rate.

The marked effects of different serum supplements on the rate of hydro-

lysis suggested that plasminogen might play some part in the digestion of
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3 Figgre 1. The effec? of seFu? supplement on the digestion of

["H]proline-labelled matrix by living macrophages. Activated macrophages (10
were seeded into 35mm dishes containing approximately 105 cpm/dish in medium
containing no serum ( 0 ); 107 fetal bovine serum ( A ); 10% acid-treated fetal
bovine serum ( @ ); or 10% dog serum ( A ). Aliquots were removed where indi-
cated for radioactivity determinations and the values obtained for dishes con-
taining no added macrophages were subtracted from the results shown.

%

the matrix, and this possibility was explored in the experiments shown in
Table 1. The presence of plasminogen caused a considerable stimulation of
hydrolysis, the most rapid solubilization occurring under serum-free con-
ditions with added plasminogen. Plasminogen depletion resulted in a large
decrease in the hydrolysis rate and this could be significantly increased by
re~addition of the serum zymogen. Other experiments (not shown) demonstrated
that this level of plasminogen, which is of the same order of magnitude as that
reported for undiluted human serum ( 100-200 ug/ml (10) ), caused a 21% re-
lease of radioactivity from the matrix after 48 hr in the presence of
urokinase. The experiments therefore show that some matrix components are
hydrolyséd by plasmin, and that the presence of plasminogen is necessary for
the maximum hydrolysis rate.

Analysis of Digestion Products. The supernatant medium from dishes con-

taining macrophages plated on [3H]proline—labelled matrices was analyzed by
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Table 1

Effect of Plasminogen on Matrix Digestion by Living Macrophages

Serum Supplement Plasminogen % Total Radioactivity
added (Final solubilized in 48 hr
concentration)

None None 4.3

None 7.5 ug/ml 27.6

10% Acid-treated fetal bovine None 15.4

serum
10% Plasminogen depleted acid- None 0.8

treated fetal bovine serum

10% Plasminogen depleted acid- 7.5 ug/ml 8.5
treated fetal bovine serum

The effect of plasminogen on the digestion of [3H]proline—labelled
matrix by living macrophages. Activated macrophages (106) were seeded
into 35mm dishes containing approximately 2 x 103 cpm/dish in the indi-
cated medium. The dishes were then incubated at 370C and the percentage
of the total radioactivity solubilized after 48 hr determined. Values
for dishes containing no cells (approximately 1% release in 48 hr)

have been subtracted from the values shown.

Sephadex G-25 gel filtration (Fig. 2)., Most of the radioactive peptides re-
leased after 12 hr incubation were excluded from the column. After 24 hr a
small amount of radioactivity was found to elute in the position where
[3H]proline eluted from the column (Fraction 27), and the percentage of radio-
activity in this position increased linearly with time. The elution profiles
also showed that no peptides were found with sizes intermediate between the
excluded material and free amino acids.
DISCUSSION

The substrate which we have used in these experiments contains glyco-
protein(s), elastin and collagen (3) and as such contains the main structural
components of connective tissue (11). We have not as yet identified the glyco-
protein component, but since it contains fucose and has an apparent molecular
weight of 250,000 (3), it is likely to be fibromectin (12,13) and/or the

microfibrillar protein of the elastic fiber (14).
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Figure 2. Sephadex G-25 column chromatography of material solubilized
by activated macrophages. Activated macrophages (10°) were seeded in medium
with 10% acid-treated fetal bovine serum, into dishes containing [“H]proline-
labelled matrix (approximately 105 cpm/dish). Samples of the medium were
analyzed on the column after 12 hr{ 0 ); 24 hr( A ); 48 hr( @ ); and 72 hr( A ).
Inset. Plot of percentage radioactivity recovered in fractions 24-31 at
different times, versus incubation time.

The only effective procedure to remove the producer cells and prepare a
suitable matrix, was the mild alkaline treatment described. EDTA or non-ionic
detergents such as Triton X-100 were ineffective and although sodium dodecyl
sulfate rapidly solubilized the cells, the detergent remained firmly bound to
the matrix so that it was subsequently detrimental to the added macrophages.
The drying step was introduced to allow for the production of large numbers of
replicate samples and the specificity of all of the components to enzymatic
digestion was well maintained (3).

The experiments with living macrophages grown in contact with the sub-
strate, indicated a major physiological role for the plasminogen activator pro-
duced by these cells (4) in the digestion of the extracellular matrix. The

plasmin generated may not only hydrolyse some of the substrate (eg. the glyco~
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protein component), thus allowing the other enzymes access to their substrates,
but may also be implicated in the activation of secreted zymogens such as pro-
collagenase (15). Our studies therefore provide direct evidence for the im-
portance of plasminogen activator in the breakdown of connective tissue pro-~
teins.

Activated macrophages were also found to complete the hydrolysis of the
matrix proteins to small molecules. The identity of the radioactivity in the
position where [3H]proline eluted from the column was not determined, but was
probably due to this amino acid as has been found for other labeled substrates
(16). The results would be consistent with a model in which the secreted pro-
teases hydrolyze the substrate and release peptides with a chain length greater
than 20 amino acids (the approximate exclusion limit of Sephadex G-25). The
peptides would then be internalized and further hydrolyzed by the macrophage
lysosomal acid proteases to small molecules and released into the medium.

Such a model would be in accordance with currently-held concepts of macrophage

physiology (16).
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