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CHARACTERIZATION AND CLASSIFICATION OF 
MACROPHAGE PROTEINASES AND PROTEINASE INHIBITORS 

Zena Werb 

I. PRINCIPLES 

Proteolytic enzymes can be broadly classified as exopep-
tidases and endopeptidases (1, 2). Exopeptidases cleave pro-
teins and peptides adjacent to a free amino or carboxyl termi-
nus and may play an important role in macrophage functions. 
Like endopeptidases, these hydrolytic enzymes can be divided 
into several classes on the basis of their specificity (1). 
Angiotensin-converting enzyme [peptidyl dipeptidase, a zinc-
dependent dipeptidase (1, 3)] and leucine aminopeptidase 
[also a metallopeptidase (1)] are both associated with the 
plasma membrane. The lysosomal peptidases, in particular car-
boxypeptidase A (a serine-dependent enzyme) and carboxypepti-
dase B (a thiol-dependent peptidase), will be of interest in 
some macrophage studies; e.g., macrophage lysosomes degrade 
proteins to peptides of less than 200 daltons that are then 
able to diffuse out of the lysosomes (4). In general, for 
recognition endopeptidases need the adjacent C- or N-terminal 
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amino acids to be blocked, usually by another amino acid. 
Macrophage endopeptidases comprise a group of enzymes usually 
having either broad proteolytic specificity (e.g., cathepsin D) 
or highly restricted cleavage of particular proteins (e.g., 
complement proteinases). 

II. CLASSIFICATION OF MACROPHAGE PROTEINASES 

It is difficult to assign proteinases to classes based on 
their specificity for various proteins or even for particular 
peptides. Instead, the classification that separates these 
enzymes according to the essential catalytic group of the en-
zyme is particularly useful (5). The four classes, carboxyl, 
thiol, serine, and métallo, include the catalytic mechanisms 
of virtually every known proteolytic enzyme. A newly dis-
covered endopeptidase can be assigned to its catalytic class 
by use of specific inhibitors as outlined by Barrett (1). A 
simple scheme to identify proteinases is shown in Table I, and 
some of the proteinases that have been attributed to macro-
phages are listed in Table II under the four major classifica-
tions. 

It is necessary to keep in mind that impure preparations 
of enzymes give rise to special problems of classification. 
The activities of several proteinases may be superimposed, en-
dogenous inhibitors may be in the system, the specific in-
hibitors being used as probes may be destroyed by other com-
ponents present in the mixture, or the inhibitor being tested 
may act on another proteinase which is, in turn, an activator 
or inactivator of the enzyme in question. Therefore, classi-
fication of proteinases should be reserved for studies with 
purified enzymes, although preliminary experiments with crude 
preparations can be a useful tool for further purification. 
Another precaution must be taken when performing these in-
hibitor studies; the inhibitors should not be contaminated with 
substances that may be responsible for the observed inhibition 
(e.g., small amounts of reducing agents or heavy metal ions 
present in some inhibitor preparations). In addition, inhibi-
tors may be rather unstable; e.g., 4-nitrophenyl guanidinoben-
zoate is hydrolyzed rapidly in Tris buffers, and dimethyl sulf-
oxide, a common solvent, is a highly reactive compound in its 
own right. 

Lysosomal proteinases and peptidases of macrophages, first 
described by Metchnikoff (6), are considered to have major im-
portance in the digestive functions of macrophages from a 
variety of species. Cathepsins B and D have been demonstrated 
to mediate digestion of exogenous proteins (7) and turnover of 



TABLE I. Use of Inhibitors to Classify Macrophage Proteinases 

Inhibitor Effective concm 

Carboxyl 

2-5b 

Enzyme class 
Thiol Serine Métallo 

3-7L 7-9L 7-9L 

1 mM 

Pepstatin 
Diazoacetylnorleucine methylester 

-h Ca2+ 

4-Chlor orner cur ihenzo ate 
5,5'-Di thiobi s(2-nitrobenzoic 

acid) 
N-Ethylmaleimide 
Leupeptin 
Diisopropyl fluorophosphate or 

phenylmethane sulfonyl fluoride 
Soybean, lima bean, or bovine 

pancreatic trypsin inhibitors 
p-Nitrophenyl guanidinobenzoate 
Chloromethyl ketone derivatives 

of peptides 
EDTA 
Dithiothreitol 
1,10-Phenanthroline 
a,2~Macroglobulin 

aThis table is modified from Barrett (1, 2) 
"Optimum pH range. 

1 yg/inl 

1 mM each 
1 mM 

1 mM 
2 mM 

10 \ig/ml 

Inhibited 

Inhibited 
-

-

-
-

-

Inhibited 
Inhibited 

Inhibited 
Inhibited 
Inhibited 

100 
1 

1 
2 
1 
1 

10 

vg/mi 
mM 

mM 
mM 
mM 
mM 
\ig/ml 

Inhibited 

Inhibited 
Inhibited 

Inhibited Inhibited 
- Inhibited 

Activated - Inhibited 
- Inhibited 

Inhibited Inhibited Inhibited Inhibited 

There are exceptions to many of these generalities. 

"Some enzymes are activated. 



TABLE II. Classification of Macrophage Proteinases 

Proteinase class Enzyme 

Carboxyl (EC 3.4.23) 
Thiol (EC 3.4.22) 

Cathepsin D 
Cathepsin B 
Cathepsin H 
Cathepsin L 
Cathepsin N 

Serine (EC 3.4.21) 

£ 

Métallo (EC 3.4.24) 

Not classified 

(collagenolytic) 
Plasminogen activator 
Cl 
C2 
C3 
C5 
Factor B 
Factor D 
Casein-degrading 
proteinase 

Collagenase (types I, II, III) 
Type V-specific collagenase 
Gelatinase 
Proteoglycan-degrading 

proteinase 
Macrophage elastase 
Thromboplastin 
Amyloid-degrading 

proteinase 

pH Optimum References 

3 -
4 -

7 -

7 -

reut: 

5 
7 

9 

9 

ral 

7 , 8, 54 - 57 
8, 54, 55 
1 
1 

1 
1, 11, 13, 14 
58, 59 
12, 60 
15, 59 
15 
16, 60 - 62 
15, 16 

17, 63 
26 - 28 
64 
27, unpublished data 

29 - 34 
29 - 34 
39 

Neutral 38 
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endogenous macrophage proteins (8). Although cathepsins H, L, 
and N have not been shown explicitly in macrophages, these 
thiol proteinases are abundant in lysosomes of liver and spleen 
(1), which are largely of macrophage origin. Under some condi-
tions of phagocytosis, lysosomal proteinases are secreted by 
macrophages (9). 

Little is known about intracellular macrophage proteinases 
active at neutral pH. A neutral proteinase associated with 
chromatin (10), a group-specific proteinase with elastaselike 
esterase activity from human bone marrow cells (1), and a Ca -
activable thiol proteinase (2, 8) have been described. 

Secreted and cell-associated serine esterases have been 
described for macrophages. The best-characterized serine pro-
teinases are plasminogen activator and the complement protein-
ases. Although the assays for these proteinases are unambigu-
ous, considerable confusion exists about them because (a) their 
production is modulated by lymphocyte products (11, 12), 
(b) mononuclear phagocytes in different stages of differentia-
tion make varying amounts of these enzymes (13), (c) large 
species differences exist in the quantity and ease of demon-
stration of these enzymes (13, 14 - 16), and (d) the enzymes 
exist in various states of activation and inhibition (15). 
A casein-degrading serine proteinase secreted by activated 
mouse macrophages (17) is probably distinct from plasminogen 
activator or the complement proteinases. An amyloid-degrading 
proteinase associated with the surface of human monocytes is 
inhibited by diisopropyl fluorophosphate (DFP), but not by 
other serine proteinase inhibitors (18), and thus cannot be 
classified at this time. A number of DFP-binding serine es-
terases have been shown to be associated with, or secreted by, 
mononuclear phagocytes (19 - 25). These enzymes cannot be 
considered proteinases until endopeptidic catalytic activity 
has been shown unambiguously (e.g., acetylcholinesterase and 
carboxypeptidase A are serine esterases, but not proteinases). 

Metalloproteinases have been shown to be associated with 
mouse, rat, rabbit, and guinea pig macrophages, but they have 
not yet been definitively shown in humans. At least three 
metalloproteinases are biosynthesized by mononuclear phago-
cytes, and they require calcium and zinc for their catalytic 
activity: (a) Macrophage collagenase is capable of degrading 
collagen of types I, II, and III (26 - 28). It is not yet 
clear whether this enzyme represents a gene product different 
from that biosynthesized by fibroblasts, but it is distinct 
from the collagenase contained in specific granules of human 
neutrophils. (b) Macrophage elastase is a metalloproteinase 
of 22,000 daltons. In addition to degrading elastin, this en-
zyme has a broad substrate specificity, degrading immunoglobu-
lins, a^-proteinase inhibitor, fibronectin, plasminogen, myelin 
basic protein, cartilage proteoglycans, gelatin, and fibrino-
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gen (29 - 34). Thus, elastase may be identical to the cartilage 
proteoglycan-degrading metalloproteinase (35), the collagenase-
activating metalloproteinase (28), and the myelin basic protein-
degrading proteinase (36). (c) A type V-specific collagenase 
with properties of a metalloproteinase has recently been des-
cribed (64) . 

Other proteinase or peptidase activities reportedly asso-
ciated with macrophages include cell surface-associated pro-
teinases or peptidases involved in macrophage tumor killing 
(37), chemotaxis (38), amyloid degradation (18), and proco-
agulant activities (39). 

III. CRITICAL COMMENTS 

A number of precautions apply to the classification of 
macrophage proteinases and the assignment of a putative pro-
teolytic enzyme to macrophages. The activity of macrophage 
proteinases is a balance of synthesis of enzymes, activation 
of proenzymes, synthesis of enzyme inhibitors, complexing of 
enzyme with inhibitors, and degradation of one enzyme by the 
other proteinases. To determine whether macrophages synthesize 
a proteinase, it is usually necessary to demonstrate that the 
enzyme accumulates with time in the culture medium (in the case 
of secreted enzyme), that its production is blocked by inhibi-
tors of protein synthesis, and, in the case of enzymes that 
have been sufficiently characterized to be purified, that the 
enzyme can be biosynthetically labeled and that the radio-
labeled enzyme can be immunoprecipitated or specifically puri-
fied from other cell proteins. Additionally, the enzyme should 
be made at a constant rate as increasing numbers of contaminant 
cells are added, assuming that the enzyme produced is not also 
made by the major contaminating species. 

A. Macrophage Proteinase Inhibitors 

Macrophages have been reported to synthesize and secrete 
inhibitors of proteolytic enzymes as well as the enzymes them-
selves. Human macrophages synthesize inhibitory proteins 
[C3b inactivator (C3bINA) and $1H globulin] that regulate the 
alternative pathway of complement activation (15). Inhibitors 
of plasminogen activator have been described in a number of 
cells, including macrophages (40, 41). These plasminogen acti-
vator inhibitors are dissociated at low ionic strength (and 
are also destroyed by treatment of cell lysates below pH 3). 
In the presence of 50 mM Tris buffer, pH 8, macrophage-condi-
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tioned medium and lysates can be shown to contain large amounts 
of plasminogen activator; however, in the same buffer at physio-
logic salt concentration (0.15 M NaCl), the apparent activity 
of plasminogen activator can be reduced by 40 - 99%. There-
fore, it is important to determine proteinase activities under 
conditions that are optimal for assay and give maximum enzyme 
activities as well as under physiologic conditions, which may 
more accurately reflect the amount of proteolytic activity 
cells express in vivo. 

Macrophages also secrete inhibitors of macrophage elastase 
(32, 33). These inhibitors are removed by dialysis (33), en-
zyme purification (33) , and assay in the presence of sodium 
dodecyl sulfate (30, 33). The physiologically important enzyme 
activity in tissues is that amount that is free in the presence 
of these inhibitors (32) , rather than the amount that can be 
demonstrated when inhibitors are removed. 

Macrophage collagenases are also secreted in an inactive 
form (27, 28). It is likely that these inactive forms are 
enzyme-inhibitor complexes or zymogens (42 - 44) and can be 
activated by trypsin and by organomercurials. 

Macrophages have also been reported to synthesize and se-
crete o^-macroglobulin (45) , an inhibitor of all endopeptidases 
(1). a2~Macroglobulin binds proteinases irreversibly (although 
these complexes can be disrupted by chaotropic agents), and 
thus could reduce macrophage enzymes available for assay. Mac-
rophages also avidly ingest a2~inacroglobulin-proteinase com-
plexes (46) . 

In addition to endogenous inhibitors, serum and tissue in-
hibitors may also be present in the systems used to identify 
macrophage proteinases. These inhibitors include molecules, 
such as a^-proteinase inhibitor, that may be taken up by macro-
phages in vivo (47) and then possibly released after cell death 
in subsequent culture. 

The measurement of macrophage proteinase inhibitors is com-
plicated by the fact that some inhibitors may be produced stoi-
chiometrically with the enzymes that they inhibit, and thus can 
be measured only after dissociation from enzyme. Inhibitors 
produced in excess can be measured directly or by inhibition 
of purified enzyme. 

B. Validity of Assays 

Many of the assays that use peptides or protein substrates 
for measuring proteolytic enzymes are subject to considerable 
misinterpretation. Several of the specific proteinases, such 
as plasminogen activator and the complement proteinases, are 
determined by multistep cascade assays so that interference at 
steps other than the catalytic event is possible. Other arti-
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facts may arise with specific substrates. Although elastin is 
highly resistant to proteolysis by all but a small class of 
proteinases referred to as elastases, two proteinases together 
can degrade elastin quite well (e.g., trypsin plus chymotryp-
sin). Therefore, in crude mixtures of enzymes the presumed 
hydrolysis may be due to a mixture of enzymes rather than to 
a single enzyme. With protein substrates, it is important to 
distinguish proteolysis by a proteinase (i.e., endopeptidase 
cleavage) from activity of exopeptidases or dipeptidases, which 
may give the same final result of released soluble radioactivi-
ty, absorbance, fluorescence, or a change in molecular size. 
In view of the large variety of macrophage peptidases, this is 
an extremely important consideration in all assays for macro-
phage proteinases. 

Another source of misinterpretation is possible with 
iodinated substrates because of deiodination mediated by rayelo-
peroxidase, an enzyme found in monocytes and neutrophils. It 
is important to determine that release of soluble radioactivity 
from iodinated substrates is due to a proteolytic cleavage and 
yields monoiodotyrosine. With human monocytes, nearly 50% of 
the release of 125j ̂ n ^ θ l

2i:>i-iabeled fibrin assay may be due 
to deiodination (14). 

Because of the large variety of proteinases synthesized by 
mononuclear phagocytes, inactivation of one enzyme by another 
during the preparations for assay is a possibility. For exam-
ple, plasmin generated by macrophage plasminogen activator will 
destroy elastase and collagenase present in the same culture 
medium (32). Several complement proteinases can be detected 
only by immunologie means and not by functional assays (15), 
possibly because of their inactivation by other proteinases. 

Several final observations may help circumvent artifacts 
possible when using defined inhibitors and substrates for 
characterizing macrophage proteinases. One technique for 
evaluating substrate specificity of proteinases involves com-
petitive inhibition studies with a single test substrate. 
When using this technique, it is important to check that the 
products of hydrolysis, such as peptides and esters, do not 
account for the observed effect. With chromogenic s~ubstrates 
it may be possible to check both D- and L-amino acid isomers 
and also to check the effects of substrates with different 
types of blocking groups. 

Care should be taken in interpretation when one subpopula-
tion of macrophage appears to synthesize an enzyme and another 
does not. In the latter case, the proteinase may still be pro-
duced but in a latent form. Mixing experiments involving acti-
vation with other enzymes and immunochemical identification are 
necessary before definitively stating the mode of modulation of 
the enzyme activity. 

During the demonstration of proteolytic activity and inhi-
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bition of proteolytic activity, care should be taken that sol-
vents or salts do not influence the outcome of the reaction. 
In addition, some substrates are highly unstable. This is par-
ticularly true of some of the ester substrates, and appropriate 
controls should be included in all of these assays. Stability 
of the enzyme during the course of the enzyme assay should also 
be considered by assaying for various lengths of time and with 
various concentrations of both enzyme and substrate. Stability 
of inhibitors is also important. 

The time required for inhibitors to interact with enzymes 
may be very long. For some serine proteinases, 20 hr may be 
required before the binding and inhibition with DFP become ir-
reversible, and, in the presence of an appropriate substrate, 
competitive binding to the substrate may decrease the efficacy 
of the inhibitor. The recommended procedure, therefore, is to 
preincubate enzyme with inhibitor; appropriate controls for the 
incubation with solvent must be included in every experiment. 

C. Artificial Substrates in Assays for Macrophage Proteinases 

With synthetic substrates, such as oligopeptide or amino 
acyl ester substrates, it is important to determine whether 
cleavage is in the correct place. This is particularly a prob-
lem with oligopeptide substrates, such as those used in assays 
for angiotensin-converting enzyme and with some of the synthetic 
substrates prepared for granulocyte elastase. Depending on the 
type of assay, an enzyme that is capable of recognizing and 
cleaving that sequence may be judged inactive because of its 
failure to release the appropriate chroraogenic group, or hydro-
lysis may be seen with an enzyme that cleaves in a different 
place. 

Particular confusion has resulted from the use of chromo-
genic substrates for the assay of macrophage elastase. DFP-
sensitive esterases that degrade synthetic substrates have 
been described (21 - 25, 36), but these have not been shown to 
have proteolytic activity. Human alveolar macrophages have 
been shown to contain an enzyme that is a potent esterase when 
assayed with derivatives of trialanine (21, 48), but has no 
ability to degrade elastin. Indeed, macrophage elastase, a 
metalloproteinase with specificity determined by the amino acid 
present on the carboxyl end of the peptide (which gives rise to 
the new N-terminal amino acid) (33), would not recognize and 
cleave a chromogenic ester group that blocks a peptide at the 
C-terminal, although it may cleave elsewhere within the oligo-
peptide moiety. Although oligopeptide substrates present parti-
cular difficulties when dealing with complex mixtures of pro-
teinases such as those synthesized by macrophages, these sub-
strates can be very sensitive tools when dealing with purified 
enzymes. 
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D. Macrophage-Associated Proteinases Not of Macrophage Origin 

Even when the criteria and precautions listed in Section III 
are followed, it is probable that a number of the enzymes des-
cribed as being secreted by macrophages or associated with mac-
rophage surfaces are not macrophage products at all. These pro-
teinases may be released with time from the cell surface or in-
tracellular organelles by mechanisms that may, in fact, require 
protein synthesis. Granulocyte elastase is avidly ingested by 
macrophages by a receptor-mediated mechanism (49) , and it is 
probable that much of the elastase or elastaselike proteinase 
that has been reported to be associated with human macrophages 
is of granulocyte origin. Enzymes from granulocytes or plasma 
have access to macrophages during various phases of their dif-
ferentiation and during preparation for culture. It is probable 
that such enzymes are bound to, or internalized by, macrophages 
by similar mechanisms. 

Most proteolytic enzymes are synthesized as precursors 
(zymogens) or may be present in cells and extracellular fluids 
as enzyme-inhibitor complexes. Therefore, if a macrophage pro-
teinase (e.g., plasminogen activator) present in small quanti-
ties (and unrelated to the proteinase being assayed) had a role 
in activating a latent enzyme of exogenous origin (e.g., plas-
minogen) , the amount of the second proteinase (e.g., plasmin) 
would then increase with time as activation occurred. The ap-
pearance of plasmin would also be sensitive to inhibitors of 
protein synthesis that were decreasing production of the macro-
phage plasminogen activator. Another example is that the re-
quirement for macrophages in the production of lymphokines could 
be a requirement for activation of precursor lymphokines by 
macrophages. In fact, it is possible that macrophage activation 
of such lymphokines, which then induce production of a proteo-
lytic enzyme by a contaminating cell type, could give rise to 
the time-dependent accumulation of a proteinase in the culture 
medium of macrophages. This may be the explanation for some of 
the collagenase produced in macrophage cultures, because the 
mediator produced by mononuclear cells induces secretion of col-
lagenase by stromal cells (50 - 53). Because the stromal cells 
can produce collagenase at 1000 times the rate of mononuclear 
phagocytes (27), minor contamination would be sufficient to ac-
count for all the collagenase in these cultures. If the macro-
phage function in inducing proteolytic enzyme production were 
also modulated by the functional state of the macrophage, pro-
duction of the proteinase would then appear to be developmental-
ly regulated. For proteinases produced in chemically small 
amounts, ultimate demonstration of macrophage origin will re-
quire molecular studies with suitable biochemical and immuno-
logie probes. 
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