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C

ertain irritants and antigenic stimulants characteristically induce acute inflammatory responses dominated
by neutrophils that evolve into chronic inflammatory reactions typified by mononuclear cell infiltrates. It has been
proposed that monocyte infiltration may actually be neutrophil dependent (1, 2). Indeed, after subcutaneous injection
of IL-8, we observed such a progression from rapid neutrophil infiltration to the subsequent appearance of a considerable infiltrate of T cells and monocytes (3). In vitro IL-8 is
a considerably more potent chemoattractant of neutrophils
than T cells, and is not chemotactic for monocytes at all
(4). This led us to show that neutrophils release chemoattractants for T lymphocytes (5). Chemoattractants for T cells
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rapidly appeared in the supernatants of neutrophils incubated with IL-8 (3), suggesting that they were stored and
released from neutrophil granules rather than newly synthesized. These T cell chemotactic activities were purified
and shown to be attributable to defensins (human neutrophil peptide 1 and 2) and azurocidin/CAP37 (5), which are
known to be stored in human neutrophil granules.
Although other laboratories had previously reported defensins and azurocidin/CAP37 to be chemotactic for monocytes (6, 7), we were previously unable to confirm these
findings (5). However, since IL-8 injection sites also contained some monocytes, we decided to investigate this issue
more systematically by assaying neutrophil products for
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Summary
Macrophage infiltration into inflammatory sites is generally preceded by neutrophils. This suggests neutrophils may be the source of chemotactic factors for monocytes. To identify these
putative monocyte attractants, we have systematically prepared neutrophil granules, lysed them,
and sequentially purified the released proteins by several reverse phase chromatography procedures. Assays for monocyte chemotactic activity of the chromatography fractions yielded a major peak of activity associated with a protein of 30 kD, according to SDS-PAGE analysis. NH2terminal sequence of the protein revealed this to be identical to cathepsin G. The monocyte
chemotactic activity of human cathepsin G was dose dependent with optimal concentration at
0.5–1 mg/ml. Cathepsin G is chemotactic rather than chemokinetic for monocytes, as demonstrated by checkerboard analysis. Cathepsin G–induced monocyte chemotaxis is partially pertussis toxin sensitive implying the involvement of a G protein–coupled receptor. Enzymatic
activity of cathepsin G is associated with its monocyte chemotactic activity, since DFP- or PMSFinactivated cathepsin G no longer induced monocyte migration. The chemotactic activity of
cathepsin G can also be completely blocked by a1 antichymotrypsin, a specific inhibitor of chymotrypsin-like proteinases present in human plasma. In addition, cathepsin G is also a potent
chemoattractant for neutrophils and a chemokinetic stimulant for T cells. In the course of pursuing these in vitro studies, we established that the T cell chemoattractant, azurocidin/CAP37
from human neutrophil granules, at doses of 0.05 to 5 mg/ml, was chemotactic for monocytes
and neutrophils. As predicted from the in vitro chemotactic activity, subcutaneous injection of
cathepsin G into BALB/c mice led to infiltration of both mononuclear cells and neutrophils.
Thus, the transition of inflammatory exudate from neutrophil to mononuclear cells can be mediated, at least in part, by extracellular release of neutrophil granule proteins such as cathepsin
G and azurocidin/CAP37.

monocyte chemotaxis. In this study, using improved procedures, the extracts of human neutrophil granules were
therefore chromatographed and assayed for monocyte chemotactic activity. This approach identified cathepsin G as a
monocyte chemoattractant. Furthermore, assays using a
broader dosage range than previously available also showed
azurocidin/CAP37 to be a monocyte as well as T cell
chemoattractant. Finally, both azurocidin/CAP37 and, to
an even greater extent, cathepsin G were shown to chemoattract neutrophils in vitro. These findings were directly correlated with the capacity of these two agents to attract neutrophils as well as mononuclear cells to injection sites in
mice.

Reagents. Human neutrophil cathepsin G was purchased
from Calbiochem-Novabiochem Corp. (La Jolla, CA), human
thrombin from Boehringer Mannheim (Indianapolis, IN) and human a1 antichymotrypsin from Sigma Chemical Co. (St. Louis,
MO). Azurocidin/CAP37 was purified from human neutrophil
granules as described (5).
Neutrophil Granule Preparation and Lysis. Human neutrophils
were isolated from granulocyte packs obtained from the Department of Transfusion Medicine (Warren Grant Magnusson Clinical Center, National Institutes of Health, Bethesda, MD). Neutrophils were isolated by the method of Boyum (8). In brief,
erythrocytes were removed by sedimentation with 1.5% dextran.
Mononuclear cells were centrifuged on a Histopaque-1077 (Sigma
Chemical Co.) cushion, and the residual erythrocytes were removed by hypotonic lysis. The neutrophils were resuspended in
PBS, counted, and assessed for viability. The neutrophils were resuspended in disruption buffer containing 0.25 M sucrose, 10 mM
Hepes (pH 7.4), and 4 mM EGTA to 108 cells/ml and lysed by
nitrogen cavitation. Nuclei and debris were removed by centrifugation at 600 g for 20 min. The resulting lysate was layered over
48% Percoll and centrifuged at 29,000 rpm for 26 min (9). The
granules were recovered from the Percoll fractions and assessed
for granule enzymes (3). Dense granules containing azurophilic as
well as specific granules were pooled and centrifuged at 35,000
rpm for 3 h. The granules were recovered as a white flocculent
material just above the Percoll pellet.
Chemotaxis Assay. Human peripheral blood monocytes were
isolated from normal donors (National Institutes of Health Clinical Center Transfusion Department, Bethesda, MD) with an
isoosmotic Percoll gradient as described in reference 10. The
monocyte preparations were .90% pure as assessed by morphological criteria. Monocyte migration was evaluated using a 48well microchamber technique (11). Lyophilized fractions were
dissolved in 200 ml of chemotaxis medium (RPMI 1640 containing 10 mg/ml of bovine serum albumin, 25 mM Hepes) and
placed in lower wells of the chemotaxis chamber (Neuro Probe
Inc., Cabin John, MD). 50 ml of cell suspension in the same medium (1.5 3 106 cells/ml) were placed in the upper wells. The
two compartments were separated by a Nucleopore polycarbonate filter (5 mm pore size; Neuro Probe Inc.). After incubation of
the apparatus at 378C for 90 min in humidified air with 5% CO2,
the filter was removed, fixed, and stained with LeukoStat stain kit
(Fisher Scientific, Pittsburgh, PA) and the number of migrating
cells in three high-power fields (3400) was counted. The results
are expressed as the mean number of migrating cells in one high-
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1Abbreviations used in this paper: DFP, diisopropylfluorophosphate; DTNB,
5,59-ditiobis-(2-nitrobenzoic acid); HPF, high-power field.
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Materials and Methods

power field (HPF)1 in triplicate or as the chemotaxis index which
represent the ratio of the number of cells in HPF in the test to
control samples. Data were analyzed for statistical difference by
Student’s t test for unpaired or paired samples. To evaluate the involvement of G protein in cathepsin G–induced chemotaxis of
monocytes, they were treated with pertussis toxin (CalbiochemNovabiochem Corp.) at concentrations of 1–1,000 ng/ml for 30
min at 378C before chemotaxis assay. T lymphocyte migration
was assessed as described (5).
Purification of Monocyte Chemotactic Protein. Human neutrophil
granules (15 mg of wet pellet) were resuspended in 1 ml of 2 M
NaCl containing 0.5% TFA and precipitated by low speed centrifugation. The supernatant did not contain protein material and
was discarded. The pellet was resuspended in 3 ml of distilled water and clarified by low speed centrifugation. The supernatant
(1.2 mg of total protein) was loaded onto a C4 Delta-Pak RadialPak cartridge column (8 3 100 mm; Waters Corp, Milford, MA)
equilibrated in buffer A (0.1% TFA in water). Proteins were
eluted with a linear gradient of buffer B (0.05% TFA in acetonitrile, gradient from 0 to 90% of B for 60 min) at a flow rate of 1
ml/min. 1-ml fractions were collected, and 200-ml aliquots of
each fraction were lyophilized for testing of chemotactic activity
and SDS-PAGE analysis. Lyophilized aliquots of fractions were
subjected to SDS electrophoresis in 15% polyacrylamide minigel
(Bio Rad Labs., Hercules, CA) or 10–27% gradient gel (Novex,
San Diego, CA) in the Tris-glycine system and stained with Coomassie R-250. The resultant chemotactically active fraction 5 was
diluted three times in buffer A and loaded onto a Nucleosil 3005C18 column (4 3 250 mm, Macherey-Nagel, Düren, Germany)
for further purification. Proteins were eluted with a gradient of
buffer B (0.05% TFA in acetonitrile) at a flow rate of 0.5 ml/min.
1-ml fractions were collected, and 100-ml aliquots of each fraction were lyophilized for testing of chemotactic activity. 5 mg of
protein of fraction 5 were subjected to sequence analysis on a
protein sequencer (model 477A/120A; Applied Biosystems, Foster City, CA).
Determination of Enzymatic Activity. Thiobenzylester substrate
Succ-Phe-Leu-Phe-S-Bzl (Sigma Chemical Co.) was used to
measure cathepsin G activity. To monitor enzyme activities, assays were performed at room temperature by using 0.5 mM 5, 59ditiobis-(2-nitrobenzoic acid) (DTNB; Sigma Chemical Co.) to
detect the thiobenzyl leaving group (e410 5 13,600 l/[cm 3 M]).
The activity was determined using a microtiter assay (12). In
brief, 50 ml of sample was added to 100 ml of 1 mM DTNB made
up in 10 mM Hepes, 1 mM CaCl2, and 1 mM MgCl2, pH 7.2.
The reaction was initiated by the addition of 50 ml of Succ-PheLeu-Phe-S-Bzl to give a final concentration of 62.5 mM. The duration of the assay depended on color development, the rate of
which was measured on a microplate reader (MR 5,000; Dynatech, Chantilly, VA) at 410 nm. Medium control, DTNB alone,
and DTNB and substrate were always run in parallel.
Diisopropylfluorophosphate and PMSF Modification of Cathepsin G
and Inhibition by a1 Antichymotrypsin. 20 ml of 0.1 M solution of
diisopropylfluorophosphate (DFP; Sigma Chemical Co.) or PMSF
(Boehringer Mannheim, Indianapolis, IN) in isopropanol was
added to 20 mg of cathepsin G (Calbiochem-Novabiochem) in
400 ml of DPBS. After 30 min incubation at 228C, the protein
preparation was desalted on a reverse phase guard column RP-4
(15 3 3.2 mm, NewGuard Brownlee column; Perkin-Elmer

Results
Identification of Cathepsin G as a Major Neutrophil-derived
Chemotactic Factor for Monocytes. To determine if constituents of neutrophil granules are responsible for attracting monocytes, we extracted neutrophil granules and fractionated the
extract on a C4 reverse phase column. Aliquots of the fractions were tested for monocyte chemotactic activity (Fig.
1). Fraction 5 manifested the highest monocyte activity.
For further purification, this fraction was subjected to chromatography on a C18 column (Fig. 2). The major protein peak
had monocyte chemotactic activity and was shown to be
homogeneous (Fig. 2, inset). This protein was subjected to
NH2-terminal amino acid sequence analysis and yielded a
sequence of 15 amino acid residues I-I-G-G-R-E-S-R-PH-S-R-P-Y-M. A search for the protein sequence in the
data base (Protein Identification Resource) revealed that this
protein is cathepsin G (EC 3.4.21.20), a serine proteinase
with chymotrypsin-like specificity. For further experiments,
cathepsin G purchased from Calbiochem was used.
Since azurocidin/CAP37, a serine proteinase-like protein from neutrophils, as well as thrombin were previously
reported to be chemotactic for monocytes (6, 14), we
compared the chemotactic activity of cathepsin G for
monocytes with that of azurocidin/CAP37 and thrombin.
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Figure 1. Fractionation of neutrophil granule extract by reverse phase
HPLC. Neutrophil granule extract (1.2 mg of protein) was loaded onto a
C4 Delta-Pak Radial-Pak cartridge column (8 3 100 mm) equilibrated in
buffer A (0.1% TFA in water). Proteins were eluted with a linear gradient
of buffer B (0.05% TFA in acetonitrile) at a flow rate of 1 ml/min. 1-ml
fractions were collected, and 200-ml aliquots of each fraction were lyophilized for testing of monocyte chemotaxis activity using the microchamber assay. Monocyte chemotaxis to FMLP (0.1 mM) and media itself
are indicated by horizontal broken lines.

The monocyte chemotactic activity of cathepsin G appeared to be dose dependent with an optimal concentration of 0.5–1 mg/ml (Fig. 3). In other experiments using
higher doses of cathepsin G (up to 10 mg/ml) a bell-shaped
dose response was obtained (not shown). Cathepsin G appeared to be a much more potent chemoattractant for
monocytes than either azurocidin or thrombin.
To determine whether the activity of a cathepsin G is
chemotactic or chemokinetic, we performed checkerboard
analysis by adding cathepsin G into upper wells of a
chemotaxis chamber together with monocytes. The results
clearly indicated that the response of monocytes to cathepsin G is chemotactic rather than chemokinetic (Table 1).
Enzymatic Activity of Cathepsin G Is Essential for Its
Chemotactic Activity. To determine the relationship of the
chemotactic activity of cathepsin G to its enzymatic activity, cathepsin G was modified by DFP or PMSF. The inhibition of proteolytic activity of cathepsin G by DFP by 95%
led to inactivation of its monocyte chemotactic activity also
by 95% (Fig. 4 A). PMSF treatment of cathepsin G gave
very similar results (data not shown).
Figure 2. Chromatography of
fraction 5 on Nucleosil 300-5C18
column. Chemotactically active
fraction 5 after reverse phase
HPLC on C4 Delta-Pak RadialPak column was diluted three
times in buffer A before loading.
Proteins were eluted with a gradient of buffer B at a flow rate
of 0.5 ml/min. 1-ml fractions
were collected, and 100-ml aliquots of each fraction were lyophilized for testing of chemotactic activity. (Inset) SDS-PAGE analysis of
the chromatographic fraction in 15% polyacrylamide gel.
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Corp., Norwalk, CT) cartridge column. Proteins were eluted
with a linear gradient (from 0 to 90% of buffer B for 30 min) at a
flow rate of 1 ml/min. After lyophilization, the preparations were
dissolved in chemotaxis media and tested for chemotactic activity.
When a1 antichymotrypsin was used, cathepsin G was preincubated for 10 min at room temperature with different concentrations of a1 antichymotrypsin before the chemotaxis assay.
Intracellular Ca21 Measurements. Flow cytometric measurements of intracellular calcium were performed as described (13),
using a cytometer (Epics 753; Coulter Corp., Miami, FL). Changes
in intracellular calcium concentration were determined by gated
analysis of the ratio of fluorescence of Indo-1 bound to calcium
(emission at 485 nm) to fluorescence of free Indo-1 (emission at
395 nm). The bound/free ratio was plotted against time. To assist
in determining the number of fluxing cells, the baseline of the
bound/free ratio was used to set the cut off. Cells with bound/
free ratio higher than baseline were considered to have increased
[Ca21] and their percentage calculated versus total number of
gated cells.
In Vivo Studies. Female BALB/c mice at 8–12 wk of age
were obtained from the Animal Production Area (National Cancer Institute, Frederick Cancer Research and Development Center, Frederick, MD). Mice received a single injection of various
doses of cathepsin G (Calbiochem Corp.) or boiled cathepsin G
in 0.2 ml of PBS, or PBS alone subcutaneously. At 24 h after the
injection, the injection site of skin was fixed in 10% phosphatebuffered formalin and stained with hematoxylin–eosin stain for
histological examination. Chromogenic Limulus amebocyte lysate
assays (Whittaker Bioproducts, Walkersville, MD) revealed the cathepsin G preparation to contain less than 0.125 endotoxin units/50
mg of protein.
Animal care was provided in accordance with the procedures
outlined in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication No. 86-23, 1985).

The activity of serine proteinases in the blood is regulated by specific acute phase proteins, serpins (serine proteinase inhibitors). Chymotryptic activity is specifically inhibited by a1 antichymotrypsin. We therefore measured
the chemotactic activity of cathepsin G preincubated for 10
min with different concentrations of a1 antichymotrypsin.
At a fourfold molar ratio, a1 antichymotrypsin almost completely inhibited monocyte chemotaxis to cathepsin G in
parallel with inhibition of its enzymatic activity (Fig. 4 B),
confirming the requirement of proteolytic activity for
cathepsin G chemotactic activity.
Cathepsin G Is Also a Potent Chemokinetic Stimulant for T
Cells and a Chemoattractant for Neutrophils. We previously reported (5) that azurocidin/CAP37, which is homologous
to cathepsin G, has T cell–specific chemotactic activity. It
was therefore relevant to compare the chemotactic activi-

Table 1.

Checkerboard Analysis of Monocyte Migration in Response to Cathepsin G
Upper compartment

Lower compartment

mg/ml
0
0.025
0.05
0.25

0

0.025

0.05

0.25

mg/ml
1.0 6 0.05
1.95 6 0.09***
3.08 6 0.08***
6.48 6 0.37***

mg/ml
0.80 6 0.06
2.0 6 0.5
1.99 6 0.04***
5.11 6 0.23***

mg/ml
0.77 6 0.08
0.79 6 0.07
1.41 6 0.18
3.53 6 0.28***

mg/ml
0.68 6 0.11
0.72 6 0.09
0.83 6 0.05
1.72 6 0.20

Cathepsin G was added into upper wells of chemotaxis chamber together with monocytes. Results are expressed as chemotaxis index 6 standard error of migration. Migration in control buffer was 71.0 6 3.5 cells. Data were analyzed for statistical difference by the Student’s t test (***P ,0.001).
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Figure 3. Chemotactic activity of cathepsin G, azurocidin, and thrombin for human monocytes. Monocyte migration was evaluated using a 48well microchamber technique (11) as described in Materials and Methods.
The results are expressed as the chemotaxis index which represents the ratio of the number of cells in HPF in the test to control samples (media) *P
,0.05; ***P ,0.001. FMLP (10 nM) is included as a positive control.

ties of cathepsin G and azurocidin for T cells. Checkerboard
analysis, however, indicated the response of T lymphocytes
to cathepsin G to be entirely chemokinetic (Table 2). Inactivation of enzymatic activity of cathepsin G by PMSF reduced the mobilizing activity of cathepsin G for T cells in
chemotaxis chamber by 76% at a cathepsin G concentration of 1 mg/ml (data not shown).
Cathepsin G also manifested chemotactic activity for
neutrophils (Fig. 5) and was more potent than azurocidin
and thrombin. Checkerboard analysis showed that the effect of cathepsin G on neutrophils is chemotactic (data not
shown).
Cathepsin G–induced Chemotaxis of Monocytes is Partially
Pertussis Toxin Sensitive. Directed movement of cells along a
chemotaxis gradient is often based on signal transduction
by a receptor coupled Gi protein that is sensitive to pertussis toxin (15). Pretreatment of monocytes with pertussis
toxin partially reduced monocyte chemotaxis to cathepsin
G, although the response to FMLP was more significantly
decreased (Fig. 6), suggesting that the chemotactic response
of monocytes to cathepsin G is only partially mediated by
pertussis toxin–sensitive G protein(s).
Cathepsin G Induces Ca21 Mobilization in Human Monocytes. Induction of Ca21 mobilization in responsive cells is
another indicator of receptor function. We therefore examined whether at concentrations effective for chemotaxis,
cathepsin G could induce Ca21 mobilization in human monocytes. At concentrations of 2.5 mg/ml, cathepsin G effectively increased cytoplasmic Ca21 concentrations in monocytes, DFP-treated cathepsin G was inactive (Fig. 7). a1
antichymotrypsin also inhibited cathepsin G–induced Ca21
mobilization (data not shown).
In Vivo Cathepsin G Induces Infiltration of Mononuclear Cells
and Neutrophils. The in vivo effect of cathepsin G was investigated by subcutaneous injection of various doses of
cathepsin G into BALB/c mice. After 24 h, the injection
site was excised, and the extent and types of cells infiltrating
the site were examined histologically (Table 3). Cathepsin G
induced the infiltration of mononuclear cells and neutrophils at the injection site. The infiltrates consisted of slightly

Figure 4. (A) Inhibition of
monocyte chemotactic activity
of cathepsin G by DFP treatment. Chemotactic activity of
cathepsin G treated with DFP
(2.5 mg/ml) was compared with
enzymatically active cathepsin G
(2.5 mg/ml). (B) Inhibition of
monocyte chemotactic activity
of cathepsin G by a1 antichymotrypsin. Cathepsin G (2.5 mg/
ml) was preincubated for 10 min
at room temperature with different concentrations of human a1
antichymotrypsin before chemotaxis assay.

Discussion
Macrophage infiltration into inflammatory sites is normally
preceded by an initial influx of neutrophils. In contrast, in
cases of clinical cyclic or experimental neutropenia, influx
of mononuclear cells into inflammatory sites was significantly
decreased and delayed (1–3). Restoration of circulating neutrophils reestablished normal sequence of events in the development of inflammatory response (1–3). The molecular
basis for this phenomenon has not been adequately explained.
Although Ward first detected a chemotactic factor for
mononuclear cells in the lysate of neutrophils in 1968 (16),
the identity of the responsible molecule remains uncertain.
The goal of the present work was to identify a neutrophil
factor(s) signaling monocyte inflammatory influx.
Monocyte-specific chemotactic factor(s), along with markers of azurophilic (b glucuronidase, myeloperoxidase) and
Table 2.

specific granules (lactoferrin), are rapidly released by neutrophils upon stimulation by IL-8 (3). Biochemical purification of monocyte chemotactic factor from neutrophil
granules led to the identification of cathepsin G. Cathepsin
G is a serine proteinase found in the granules of neutrophils, monocytes, and mast cells (17–19). It is referred to as
a chymotrypsin-like enzyme because it hydrolyzes peptide
bonds after leucine, methionine, and phenylalanine residues.
Cathepsin G is considered to be a rather inefficient proteinase, degrading collagen and proteoglycan more slowly than
neutrophil elastase (20). Genes encoding cathepsin G, cathepsin G-like lymphocyte granzymes (B and H), and a/d chains
of the T cell receptor are closely linked on chromosomal
band 14q11.2 (21).
Various physiological effects are ascribed to this enzyme:
antimicrobial activity, degradation of extracellular matrix,
vasoregulation (20), activation of neutrophil elastase (22),
and cytokine processing (23). Furthermore, cathepsin G
binds to and cleaves the V3 loop of HIV envelope protein
gp120, pointing to possible involvement of cathepsin G in
HIV target cell interaction (24).
We compared cathepsin G with several other related
proteins reported to exhibit chemotactic activity for mono-

Checkerboard Analysis of T Cells Migration in Response to Cathepsin G
Upper compartment

Lower compartment

mg/ml
0
0.004
0.02
0.1
0.5

0

0.004

0.02

0.1

0.05

mg/ml
1.0 6 0.09
2.04 6 0.16
5.14 6 0.27
6.25 6 0.11
8.64 6 0.65

mg/ml
1.44 6 0.38
1.93 6 0.15
4.07 6 0.42
5.17 6 0.43
6.87 6 0.80

mg/ml
10.68 6 1.44
5.68 6 0.62
15.39 6 1.27
16.09 6 0.73
5.97 6 1.02

mg/ml
18.1 6 2.21
12.92 6 1.38
14.36 6 1.15
15.12 6 1.88
8.83 6 0.34

mg/ml
11.3 6 1.17
11.22 6 0.61
10.62 6 0.14
12.78 6 1.75
6.85 6 0.71

Cathepsin G was added into upper and lower wells of chemotaxis chamber together with monocytes. Results are expressed as chemotaxis index 6
standard error of migration. Migration in control buffer was 16.2 6 1.5 cells HPF. Chemotaxis indexes equal or higher than two are statistically significant in comparison to migration of T cells to media alone.
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more mononuclear cells than neutrophils. A 0.5 mg dose of
cathepsin G induced the most marked inflammatory cell
infiltrate. In contrast, sites injected with the same amount
of boiled cathepsin G exhibited only a low degree of infiltration by mononuclear cells and neutrophils.

cytes. Azurocidin/CAP37, a neutrophil granule protein
with homology to serine proteinases but without proteolytic
activity, is chemotactic for monocytes (6). Furthermore, a
trypsin-like serine proteinase thrombin was also reported to
have chemotactic activity for monocytes. The proteolytic
activity of thrombin is not required for chemotactic activity
(14). We have established that cathepsin G is a much more
potent chemoattractant for monocytes than thrombin and
azurocidin, and in contrast with azurocidin and thrombin,
the enzymatic activity of cathepsin G is required for its
chemotactic activity. Inactivation of cathepsin G enzymatic
activity by DFP or PMSF abolished its monocyte chemo-

Figure 6. Inhibition of monocyte migration in response to cathepsin G
(5 mg/ml, chemotaxis index [c.i.] 3.9) by pertussis toxin. Monocytes were
treated with pertussis toxin for 30 min at 378C before chemotaxis assay.
The results are expressed as the c.i., *P ,0.05; **P ,0.01. FMLP (10
nM) is included as a positive control (c.i. 7.4).
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Figure 7. Ca21 mobilization in human monocytes loaded with Indo-1;
the bound/free ratio was continuously recorded. (A) No stimulus, (B)
FMLP (10 nM), (C) cathepsin G (2.5 mg/ml), (D) DFP-treated cathepsin
G (2.5 mg/ml).

tactic activity. This implies that the proteolytic activity of
cathepsin G is associated with its chemotactic activity. However, we cannot exclude the possibility that any change in
the vicinity of cathepsin G proteolytic active site could reduce its chemotactic activity due to structural changes rather
than effects on proteolysis. The final solution to this uncertainty can only be resolved by studies of the cathepsin G
receptor and the mechanism of its activation. Even if the
enzymatic activity of cathepsin G is essential for chemotactic activity, it is probably not sufficient since bovine chymotrypsin, which has similar substrate specificity as cathepsin G, does not manifest significant chemotactic activity for
human monocytes (data not shown). Therefore, the interaction of cathepsin G with its receptor(s) is determined not
only by cathepsin G proteolytic substrate specificity, but
presumably also involves more complex binding interactions.
Binding sites for cathepsin G have been reported on alveolar macrophages (25). Recently, it was reported that
cathepsin G exhibits specific, saturable and reversible binding to T cells and NK cells (26). According to Selak and
Smith there are 2 3 107 binding sites for cathepsin G on a
platelet with maximum binding occurring at 35 mg/ml
(27). Selak presented the evidence that platelets, although
being activated by thrombin and cathepsin G, possess different receptors for these enzymes (28). Antibody directed
against the thrombin receptor blocked thrombin-induced,
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Figure 5. Chemotactic activity of cathepsin G, azurocidin, and thrombin for human neutrophils. FMLP (10 nM) is included as a positive control. The results are expressed as the chemotaxis index which represents
the ratio of the number of cells in HPF in the test to control samples (media). *P ,0.05; ***P ,0.001.

Table 3. Histological Evaluation of Cellular Infiltration after
Subcutaneous Injection of Cathepsin G in BALB/c Mice
Dermis
Injection

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

PBS
PBS
PBS
CathG
CathG
CathG
CathG
CathG
CathG
CathG
CathG
CathG
CathG
CathG
CathG
Boiled CathG
Boiled CathG
Boiled CathG

mg

0.005
0.005
0.005
0.05
0.05
0.05
0.5
0.5
0.5
5.0
5.0
5.0
0.5
0.5
0.5

PMN MNC PMN MNC
–
–
–
–
1F
–
1F
1F
–
1F
–
2F
–
–
1F
–
–
–

–
–
–
–
–
–
–
1F
–
2MF
1F
2MF
–
1MF
1F
–
–
1F

–
–
–
1F
1F
–
2F
1F
–
2F
–
3MF
–
1MF
2F
–
–
–

–
–
–
1F
–
1F
1F
1F
–
2MF
1MF
2F
1F
1F
2F
–
–
1F

Mice received a single injection of various doses of either cathepsin G
(CathG; Calbiochem Corp.) boiled cathepsin G in 0.2 ml of PBS, or
PBS alone subcutaneously. At 24 h after the injection, the injection site
of skin was excised and fixed in 10 % phosphate-buffered formalin and
stained with hematoxylin–eosin stain for histological examination.
Grading as follows: 1, minimal; 2, mild; 3, moderate. –, No significant
lesion; F, focal; MF, multifocal.

but not cathepsin G–induced, platelet responses and, second,
platelets pretreated with neutrophil elastase failed to respond to thrombin but responded to cathepsin G.
The activity of many chemotactic polypeptides are mediated by seven transmembrane receptors coupled to a pertussis toxin–sensitive G protein. The chemotactic activity
of cathepsin G appeared to be at least partially pertussis
toxin–sensitive, suggesting that it depends in part on a Gi
protein–mediated signal. Further suggestive evidence that
the activity of cathepsin G is mediated by a G protein–coupled receptor is the capacity of cathepsin G to mobilize intracellular Ca21 ions in monocytes, which is also inhibited
by DFP and a1 antichymotrypsin. The dependence of
cathepsin G chemotactic activity on its enzymatic activity
suggests that the chemotactic activity of cathepsin G is mediated by a proteolytic activation of receptor(s). Our preliminary attempts to detect competitive binding sites for
cathepsin G on monocytes did not succeed (data not
shown), and identification of the cathepsin G receptor(s) of
monocytes and T lymphocytes is an important and challenging problem that remains to be solved.
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We previously reported that azurocidin/CAP37 is chemotactic for T lymphocytes (5). Comparison of chemotactic
activities of azurocidin and cathepsin G showed that cathepsin G has chemokinetic effects on T cells. We regard the
increased motility of T cells as indication of their activation. Relevant to this, it was reported and confirmed by us
that cathepsin G can mitogenically stimulate T lymphocytes
(29). The mitogenic effect is also dependent on cathepsin
G enzymatic activity (Tani, K., W.J. Murphy, O. Chertov,
D. Taub, J.J. Oppenheim, and J.M. Wang, manuscript submitted for publication).
The overall results of this research suggest that cathepsin
G may be the most potent neutrophil granule–derived chemoattractant for monocytes and chemokinetic stimulant for T
lymphocytes, at least in vitro. It was reported that stimulation of 106 neutrophils with PMA (1 mM) can release 1 mg
of cathepsin G (22), a quantity that is sufficient, according
to our in vitro results, for induction of an inflammatory cell
influx. There are other reports showing that neutrophils release cathepsin G extracellularly in response to different
stimuli, e.g., the outer membrane protein of Treponema dendicola (30). There is also indirect evidence for cathepsin G
extracellular release since IL-8 can stimulate the release of
other azurophilic granules protein myeloperoxidase (3, 31)
and elastase (32). Cathepsin G injected subcutaneously into
BALB/c mice elicited a local inflammatory response, as predicted by its in vitro chemotactic effects, and it is not neutralized by serine proteinase inhibitors (serpins).
The in vitro chemotactic activity of cathepsin G is inhibited
by a1 antichymotrypsin suggesting that a1 antichymotrypsin
does function to downregulate inflammatory response by
neutralizing chemotactic and mitogenic activity of cathepsin
G in addition to its function of protecting host tissues from
proteolytic damage. Perhaps because of this important immunoregulatory role of a1 antichymotrypsin, no homozygous-deficient a1 antichymotrypsin conditions have been
reported and such a phenotype would not be compatible
with normal development (33). a1 antichymotrypsin is synthesized and secreted mainly by hepatocytes, although it
can also be produced by alveolar macrophages, cells of epithelial origin, and some tumor cells (33, 34). The plasma
concentration of this acute phase protein rapidly increases
several fold from normal concentration of z25 mg/ml (33)
during tissue injury, autoimmune diseases, malignancies,
and infections in response to systemic proinflammatory cytokines such as IL-1, IL-6, TNF-a, and TNF-b. In mice,
the role of a1 antichymotrypsin is possibly fulfilled by the
homologous protein contrapsin (35), which can interact
with human cathepsin G (36). Induction of inflammation
by subcutaneous injection of cathepsin G in mice, despite
the fact that human serum did efficiently inhibit in vitro
chemotactic effect of cathepsin G (data not shown), presumably indicates that the inhibitor(s) are not present in
sufficient concentration in the tissue during initial stages of
inflammation. There are two sources of proteinase inhibitors in an inflamed tissue: transudation and local synthesis
in the tissue as a result of stimulation by proinflammatory

chemoattractant for monocytes, the immune defects in
these patients may be at least partially attributed to insufficient release of cathepsin G which is necessary for proper
development of inflammatory response.
Our findings that neutrophil-derived cathepsin G, azurocidin/CAP37, and defensins (5) can serve as signals that amplify inflammatory reactions by attracting mononuclear cells
in addition to neutrophils lend further support to the hypothesis that neutrophils may be necessary for the development of mononuclear cell infiltration into inflammatory
sites. Although these three neutrophil granule constituents
have been identified as contributors that can convert acute
into chronic inflammatory responses, it is possible that our
purification procedures have not identified all the participant signals. Cathepsin G and defensins appear to have activating as well as chemotactic effects on the attracted cells.
This contention is based on our studies showing that administration of cathepsin G or defensins, along with an antigen, to mice results in enhancing the antibody response
and also leads to greater production of interferon g and IL-4
by the injected mice (Tani, K., W.J. Murphy, O. Chertov, D. Taub, J.J. Oppenheim, and J.M. Wang, manuscript
submitted). This indicates that these chemoattractants may
also augment in vivo immune responses by activating lymphocytes. Consequently, neutrophils do appear to facilitate
not only subsequent nonspecific mononuclear cell inflammatory responses, but also specific immune reactions.
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