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Abstract

Background: Cathepsin S is a member of the family of
cysteine lysosomal proteases. The distribution of cathep-
sin S is restricted to cells from the mononuclear lineage
both in the brain and in the periphery. Also, its protease
activity is uniquely stable at neutral pH.
Materials and Methods: We compared the expression
of cathepsin S, B, and L mRNAs in various undifferenti-
ated and differentiated cells of mononuclear origin, and
examined the modulation of these mRNAs by inflamma-
tory mediators (lipopolysaccharide and various cyto-
kines). In addition, the effect of these agents on cathep-
sin S protein levels and protease activity was also
determined. Lastly, the ability of cathepsin S to process
basement membrane components such as heparan sul-
fate proteoglycans in vitro and in vivo was assessed.
Results: Cathepsin S, B, and L mRNAs are expressed in
mature macrophages and microglial cells and not in un-
differentiated monocytes. Activators of macrophages

negatively regulate all three transcripts. Consistent with
this, treatment with these agents leads to a decrease in
intracellular cathepsin S protein levels and activity. How-
ever, the same treatments result in stimulation of se-
creted cathepsin S activity. Cathepsin S is capable of
degrading heparan sulfate proteoglycans in vitro. Also,
when expressed in endothelial cells, cathepsin S auto-
crinely attenuates the basic fibroblast growth factor
(bFGF)-mediated binding of FGF receptor containing
cells to endothelial cells, by acting on basement mem-
brane proteoglycans.
Conclusions: Taken together, these data imply that ca-
thepsin S is a regulatable cysteine protease that plays a
role in the degradation of extracellular proteins, whose
secretion from macrophages and microglia is increased
by signals that lead to activation of these cells, and may
be important in regulating extracellular matrix interac-
tions.

Introduction
Mononuclear phagocytes are mobile, long-lived
cells of bone marrow origin that form a resident
population in many tissues of the body and play
central roles as effector cells in inflammatory
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reactions and cell-mediated immune responses
(1,2). Some examples are alveolar macrophages
in the lung, Kuppfer cells in the liver, sinus his-
tiocytes in the spleen, and microglia in the cen-
tral nervous system (CNS). In response to exter-
nal stimuli resident macrophages become
"activated" (3). Inflammation, wound healing,
and host defense against microbes or tumors rep-
resent scenarios in which activated resident mac-
rophages and blood-borne monocytes, which are
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recruited into the tissue and differentiate, can
influence the structure and composition of their
environment.

Macrophage activation is a complex, multi-
step process that ultimately results in enhanced
ability of the macrophage to phagocytose and kill
foreign cells (2,4). Activation signals include cy-
tokines and growth factors (secreted by macro-
phages themselves, or other cells such as reactive
astrocytes, T cells, fibroblasts, endothelial,
smooth muscle, and Schwann cells), bacterial
endotoxins, contact with extracellular matrix
(ECM), and a variety of chemicals. Following
activation, macrophages have been shown to se-
crete a wide variety of biologically active prod-
ucts, including neutral and acid proteases, that
are important mediators of the tissue destruction
and fibrosis characteristic of chronic inflamma-
tion (3,4). Secreted acid hydrolases are derived
from a preformed store contained in lysosomes,
and are released rapidly, frequently within 4-6
hr after exposure to activating agents, while the
release of neutral proteinases (elastase, plasmin-
ogen activators) is usually delayed for 24 hr (3).
Although the aspartyl proteinase cathepsin D has
been well studied during macrophage activation,
the role of released cysteine lysosomal cathepsins
upon macrophage and microglial activation is
relatively unknown.

The cysteine lysosomal proteases include
cathepsins B, L, H, S, 0, and K. Of these, only
cathepsin S retains activity after prolonged incu-
bation at neutral pH, whereas all the others be-
come irreversibly inactivated (5-7). It is this fact
that makes cathepsin S unique and a good can-
didate for tissue destruction and remodeling of
the ECM in nonacidic extracellular environ-
ments (8). It has been demonstrated previously
that cathepsin S is able to degrade a number of
components of ECM (9-12). We and others have
previously demonstrated that cathepsin S ex-
pression is highly restricted to cells of the mono-
nuclear-phagocytic system, including microglia
(11-13).

Here we examine the regulation of cathepsin
S at the mRNA and protein level, in macrophages
and microglia, by inflammatory mediators, as
well as the regulation of cathepsin B and L mR-
NAs. We demonstrate that the expression of ca-
thepsin S, cathepsin B, and cathepsin L mRNAs,
and cathepsin S activity are regulated by lipopoly-
saccharide and cytokines. In addition, we show
that Perlecan, a basement membrane heparan
sulfate proteoglycan (HSPG), can be degraded by
cathepsin S in vitro. Heparan sulfate proteogly-

cans, including those of the basement mem-
brane, can serve many functions, e.g., adhesion,
as a binding site for proteases, and regulation of
growth factors such as basic fibroblast growth
factor (bFGF) (14-16). Thus, the secreted ca-
thepsin S from cells may potentially regulate
bFGF function by attenuating its binding to
HSPG, particularly to that of the basement mem-
brane type.

Materials and Methods
Cell Culture and Treatments

Murine macrophage-like cell line RAW 264.7
(gift from Dr. S. Gandy, Nathan Kline Institute at
NYU, Orangeburg, NY) and murine microglial
cell line N13 (gift from Dr. P. Ricciardi-Castag-
noli, University of Milan) were cultured in Dul-
becco's modified Eagle medium (DMEM) and
RPMI 1640 medium, respectively, each supple-
mented with 10% fetal bovine serum (FBS;
Gibco, BRL, Gaithersburg, MD; Atlanta Biologi-
cals, Norcross, GA), 100 U/ml penicillin G, and
100 jig/ml streptomycin at 370C. The blood cell
lines HL60, U937, K562, DAMI, KG-1, THP-1,
and WEHI-3B were cultured in RPMI 1640 me-
dium as described previously (17). For enzyme
assays and mRNA experiments involving 24-hr
long treatments, 1.5 X 105 cells/well in 24-well
plates or 2.0 X 106 cells in 60-mm dishes, respec-
tively, were cultured as above for 24 hr. Cells
were washed 3 times with sterile phosphate-
buffered saline (PBS) and all treatments were
performed in macrophage serum-free medium
(MSFM) (Gibco, BRL) in the absence or presence
of the following recombinant agents: lipopoly-
saccharide J5 strain (LPS; Sigma, St. Louis, MO),
phorbol- 12-myristate- 13 acetate (PMA; Sigma),
human tumor necrosis factor alpha, (TNF-a;
UBI, Lake Placid, NY), murine interferon gamma
(IFN-,y; Boehringer Mannheim, Indianapolis,
IN), human interleukin- 1 alpha (IL-i a; Gen-
zyme, Cambridge, MA), murine interferon al-
pha, (IFN-a; Calbiochem, San Diego, CA), mu-
rine granulocyte macrophage-colony stimulating
factor (GM-CSF; gift from Dr. E. L. Wilson, NYU
Medical Center, New York). For time course ex-
periments, cells were initially plated in MSFM for
24 hr, washed with PBS, and then stimulated
with fresh MSFM in the presence or absence of
30 ng/ml LPS for various durations. The primary
alveolar macrophages (gift from Dr. M. Lesser,
Mount Sinai School of Medicine, New York)
were plated in MSFM at 5 X 106 cells/100-mm
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dish. For dose response to LPS, cells were treated
with 0, 10, 100, or 1000 ng/ml LPS for 4 hr. For
time course experiments, cells were treated with
LPS (100 ng/ml) for 0, 30, and 120 min. Chinese
hamster ovary (CHO) cells were maintained in
DMEM supplemented with 10% FBS, bovine
aortic endothelial (BAE) cells were maintained
in aMEM supplemented with 10% calf serum,
and 32D-FGFR-1 cells (18,19) were maintained
in Iscoves medium supplemented with 10% FBS
and 10% WEHI conditioned medium, which is a
source for IL-3.

RNA Isolation and Northern Blot Analysis
Total RNA was isolated from primary rat alveolar
macrophages using the RNeasy kit (Qiagen,
Chatsworth, CA). Fifteen to twenty micrograms
of total RNA was fractionated on 1% agarose gels
containing 2.2 M formaldehyde, 0.2 M MOPS,
and 10 mM EDTA and transferred onto Gene
Screen Plus membranes (DuPont NEN, Boston,
MA) via capillary action. Membranes were hy-
bridized to [32P] -radiolabeled cDNA probes as
described previously (20). The membranes were
exposed to a phosphor screen and quantitative
analysis of mRNA bands was performed on a
phosphorimager (Molecular Dynamics, Sunny-
vale, CA); results were standardized to mem-
branes probed with 18S rRNAs.

Synthesis of Radiolabeled cDNA Probes
Portions of the cathepsin S (502 bp), cathepsin B
(570 bp), and cathepsin L (495 bp) rat coding
sequences were subcloned into the Smal site of
the pGEM3zf+ vector (21). The pS/E plasmid
contains the DNA sequence within the Sall l
EcoRl fragment of 18S rRNA gene (18). The re-
combinant plasmids were digested with EcoRII
PstI in the case of cathepsin S, HindIIIlEcoRI in
the cases of cathepsins B and L, and Sall /EcoRl
in the case of 18S rRNA. The DNA fragments
were resolved on 1% low-melting-point agarose
gels, excised, and labeled with [32P dCTPa] uti-
lizing random primers and the Klenow fragment
of E. coli DNA polymerase I (New England Bio-
labs, Beverly, MA).

Western Blot Analysis of Cathepsin S Protein

Polyclonal antiserum generated in rabbits to a
synthetic peptide containing the sequence span-
ning the C-terminal 14 amino acids of rat cathep-
sin S protein was used. This antiserum was not

able to immunoprecipitate native cathepsin S
from cells or conditioned medium, but efficiently
detected increasing amounts of denatured ca-
thepsin S at 25 kDa in a linear manner from
RAW and N13 lysates. For determination of pos-
sible cross-reactivity of this antiserum to cathep-
sins B and L, we immunoblotted I jig each of
purified recombinant forms of human cathepsin
S (gift from Dr. D. Bromme, Mount Sinai School
of Medicine), human cathepsin B (Sigma), and
human cathepsin L (Calbiochem, La Jolla, CA)
by 12% SDS-PAGE and performed Western
analysis as described previously (17). We did not
detect any cross-reactivity with recombinant hu-
man cathepsin L or B under the conditions used.
For N13 microglia or RAW macrophage experi-
ments, cells were treated with LPS or IFN-,y for
24 hr, proteins were extracted as described (17),
and equal amounts of each extract were ana-
lyzed by Western blotting as described previously
(17). Signals were detected either by iodinated
protein A (0.2 mCi/ml of '251-protein A) or by
enhanced chemiluminescence (DuPont NEN).
Specific bands were quantified by phosphorim-
ager.

Cathepsin S Activity Determination

Enzymatic assays were performed as previously
described (11) with modification. Conditioned
media (C.M.) were collected from treated cells,
centrifuged at 16,000 X g for 1 min, transferred
to new tubes, and frozen at -20°C until use.
Cells were lysed in 200 ml of 10 mM sodium
acetate buffer pH 5.5, 2 mM EDTA, 0.01% Triton
X- 100, 1 ,M PMSF, and 5 ,tM pepstatin A, col-
lected with a rubber scraper, and frozen at
-20°C until use. The lysates were subjected to a
neutral pH incubation step prior to cathepsin-S
activity determination; this step has been shown
to inactivate other lysosomal proteases with sub-
strate specificity similar to that of cathepsin S
(7,9). For this, lysates (10%) were sonicated and
then incubated with neutral pH buffer (0.1 M
Tris-Cl, pH 7.5, 2 mM EDTA, 2 mM DTT, 0.01%
Triton X- 100, 1 ,uM PMSF, 5 ,uM pepstatin A) in
a 96-well plate for 1 hr at 370C. Since other
proteases secreted during the 24-hr cellular
treatments become inactivated by the neutral pH
medium, C.M. was not subjected to the above
preincubation. The C.M. (10%, plus neutral pH
buffer to standardize conditions) or the lysates
were then incubated at 370C with of 0.1 M so-
dium phosphate buffer (1:1 v/v), pH 6.6, con-
taining 2 mM EDTA, 2 mM DTT, 0.01% Triton
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X-100, 1 ,uM PMSF, 5 ,uM pepstatin A, and 20
,uM of substrate N-carbobenzoxy-Phe-Arg-7-
amido-4-methylcoumarin (Z-FR-AMC; Sigma).
The product formed was detected at excitation
383 nm and emission 460 nm on a Fluoroskan II
plate reader. Inclusion of 10 ,itM of the active
site-directed inhibitor E64 (Sigma) in parallel
samples was used to specifically determine cys-
teine protease activity.

Cathepsin S Proteolysis of Basement Membrane
Heparan Sulfate Proteoglycan In Vitro

To test enzyme activity the synthetic substrate
Z-FR-AMC (Sigma) was incubated with recom-
binant human cathepsin S (gift of Dr. D.
Bromme, Mount Sinai School of Medicine) at
various enzyme dilutions over a rapid time
course in a neutral buffer containing 100 mM
sodium phosphate, pH 7.5, 2 mM EDTA, 2 mM
DTT, 1 ,uM PMSF, 5 ,tM pepstatin A, and 0.01%
Triton X- 100 at 2 5°C. For proteoglycan digestion,
1 or 2 ,ug of heparan sulfate proteoglycan (HSPG;
Collaborative Biomedical Products, Bedford,
MA) was incubated with recombinant human
cathepsin S in the above sodium phosphate
buffer including inhibitors at either pH 6.5, or pH
7.5, with or without E64 at 37°C for 2.5 hr or 1.5
hr. Following termination of the reaction by an
excess of E64, some reaction mixtures were sub-
jected to heparitinase (Sigma) treatment, were
heated at 950C for 5 min, and resolved on SDS
polyacrylamide gels and visualized by silver
staining.

Ligand Blotting of Cell-Derived HSPGs
Wild-type and transfected BAE cells were plated
at 6 X 105 cell/35-mm dish for 24 hr, washed
three times with PBS, and pretreated with acti-
vated cathepsin S (see above) in PBS for 3 hr on
a shaker at 250C. Following pretreatment, the
cells appeared viable under the light microscope
and none were detached. The cells were lysed in
PB S containing 1 % Triton X- 100 containing 2%
glycerol, 0.1 ,ug/ml aprotinin, 0.1 ,ug/ml leupep-
tin, and 20 mM EDTA. Proteins were separated
by SDS-PAGE on 3-15% gels, transferred to
polyvinylidene difluoride (PVDF) membranes by
wet-transfer method utilizing 0.1% SDS in the
buffer, and blots were incubated in BLOTTO with
1 ,g/ml of '251-bFGF, with or without 10 ,ug/ml
of heparin, for 12 hr at 40C. Blots were washed of
unbound ligand using PBS and PBS-Tween 20
and exposed to phosphorimager screens.

Expression of Cathepsin S in Cell Lines

Cells were stably transfected with the full-length
rat cathepsin S cDNA (21) in a mammalian ex-
pression vector, pcDNA3 (Invitrogen, Carlsbad,
CA) using Lipofectamine reagent (Gibco BRL)
according to manufacturer's instructions.

Cell Attachment Assays

Determination of 32D-FGFR-1 cells' bFGF-de-
pendent attachment to an adherent layer was
performed as previously described (18). Briefly,
CHO cells were plated at 5 x 105 cells per 35-mm
dish. After 18 hr at 37°C, the cells were washed
two times with PBS and fixed with 3% glutaral-
dehyde in PBS for 2 hr at 4°C. Glycine was added
to a final concentration of 0.01 M to quench the
reaction, and the fixed cells were washed twice
with PBS and used for experiments. For a typical
experiment, 5 X 105 32D-FGFR-1 cells in serum-
free medium plus 0.2% WEHI-conditioned me-
dium were added to washed monolayers of CHO
cells in the presence or absence of 10 ng/ml of
bFGF. After incubation at 370C, medium was
removed, and the monolayers were washed
twice gently with PBS to remove unattached
cells. The medium and PBS washes were com-
bined. The attached cells were removed with a
brief wash with PBS containing 10 mM EDTA
and 10 jig/ml heparin. The unattached and at-
tached cells were counted with a Coulter particle
counter. Results are presented here as [attached
cells/(unattached cells + attached cells)] X 100.

Results
We have previously shown that cathepsin S
mRNA exhibits restricted distribution and is ex-
pressed in different populations of macrophages
in the periphery and in microglia in the brain
(11,20,21). Consistent with this is the finding
that cathepsin S expression has been demon-
strated in alveolar macrophages and in mono-
cyte-derived macrophages after differentiation
(12,22). Cathepsin S is not expressed in other
glial cells, such as type 1 astrocytes or 02A pro-
genitors, nor in neuronal cell lines, whereas ca-
thepsin B and L are widely expressed (20).

To examine if other blood-derived cells ex-
press cathepsin S, we performed Northern anal-
ysis on total RNA from various cell lines. Of the
cell lines tested (macrophage, RAW 264.7; mi-
croglial, N13; monocytic, HL60, U937, WEHI,
KG-1 and THP-1; erythro-megakaryo-granulo-
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cytic, K562; and megakaryocytic, DAMI) we
found cathepsin S expression only in the macro-
phage, RAW 264.7, and in the microglial, N13,
cell lines as a 1.4 kB mRNA (Fig. IA). None of
the other blood cell lines tested exhibited detect-
able mRNA for cathepsin S. In addition, only
RAW 264.7 macrophages and N1 3 microglia ex-
pressed detectable levels of 2.2 kB cathepsin B
(Fig. IB) or 1.7 kB cathepsin L mRNA (data not
shown). These data suggest that the cysteine ly-
sosomal proteases are expressed at significantly
high levels only in the mature macrophage-like
cells and not in immature monocytes. In support
of our findings are the observations that cathep-
sin B mRNA expression was detected in THP-1
cells that were primed with phorbol ester, and
cathepsin L mRNA and protein have not been
detected in U937 cells nor in undifferentiated
THP-1 cells (23-25).

Next we investigated whether RAW 264.7
macrophages and N13 microglial cells would
modulate the expression of cathepsin S in re-
sponse to activating signals. To investigate
changes in the cathepsin S mRNA, we treated the
cells with various doses of the macrophage acti-
vator LPS for 24 hr and analyzed the mRNA
levels by Northern blotting. Specific radiolabeled
cDNA probes were utilized to detect cathepsin S,
cathepsin B, and cathepsin L, and normalized to
the levels of 18S rRNA. We found that treating
RAW or N13 cells with LPS for 24 hr dose-
dependently decreased the levels of all three mR-
NAs. LPS at the highest concentrations decreased
cathepsin S mRNA in RAW macrophages to
about 40% and in N 13 microglia to 53% that of
control cells not treated with LPS (Fig. 2A, B).
The levels of cathepsin B mRNA were decreased
by LPS in macrophages and microglia to 18%
and 50%, respectively (Fig. 2A, B). Treatment of
microglia with 100 ng/ml of LPS decreased ca-
thepsin L mRNA to 21% that of untreated cells
(data not shown). Examination of the time
course of cathepsin S, cathepsin B, and cathepsin
L mRNA regulation by 30 ng/ml of LPS in RAW
264.7 macrophages showed that within 4 hr of
LPS treatment, there is a substantial decrease in
all three mRNAs to about 30% that of control
treatments (MSFM without LPS) (Fig. 3). After 8
hr of LPS treatment, compared to control treat-
ments, the cathepsin mRNAs remained at a low
level. LPS had a similar effect on rat primary
alveolar macrophages; it led to a decrease in
cathepsin S (Fig. 4A) and cathepsin B mRNA
(not shown) in a dose-dependent fashion. The
observed decrease in cathepsin S mRNA oc-
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Fig. 1. Expression of cathepsin S (A) and ca-
thepsin B (B) mRNA in blood-derived and
macrophage-like cell lines. Total RNA was iso-
lated as described in Materials and Methods from
various cell lines and 15 ,ug/lane was subjected to
Northern analysis. RNA blots were probed with 32P-
labeled cDNA specific for cathepsin S, cathepsin B,
or 18S rRNA.

curred as early as 2 hr after treatment with LPS
(Fig. 4B).

We were interested in the effect of other
activators of macrophages and microglia, such as
the cytokines produced and released by activated
macrophages/microglia themselves and/or other
stimulated cells during an inflammatory process,
on the expression of cathepsin S, cathepsin B,
and cathepsin L mRNAs. We found that TNF-a,
IL-la, IFN-,y, GM-CSF, IFN-a, and PMA de-
creased the levels of all three transcripts in mi-
croglia after 24 hr of treatment (Table 1), which
is similar to the effect of LPS.

To examine if the decrease in mRNA levels
for cathepsin S after treatment of cells with acti-
vators resulted in decreased cathepsin S protein
levels, we carried out Western blot analysis with
cathepsin S-specific antiserum. When examined
for the effects of 24-hr LPS treatment on cells, we
found that cathepsin S protein decreased dose-
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Fig. 2. Decreased cathepsin mRNA
in macrophage and microglia cell
lines after LPS treatments for 24 hr.
RAW 264.7 (A) or N13 (B) cells were
treated with various doses of LPS for 24
hr as described in Materials and Meth-
ods. Total RNA was isolated and 15 ,ug/
lane was subjected to Northern analysis.
RNA blots were probed with 32P-labeled
cDNAs specific for cathepsin S, cathepsin
B, or 18S rRNA. Densitometry of RNA
bands was performed by phosphorim-
ager. In the graphs, relative intensity in
the absence of LPS treatment is taken as
control (100%) and data are normalized
to levels of 18S rRNA. Data represent
mean ± SEM of three independent ex-
periments.
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Fig. 3. Time-course analysis of decreased ca-

thepsin S, B, and L mRNA levels in macro-

phages. RAW 264.7 cells were treated in the pres-
ence or absence of LPS (30 ng/ml) for various
durations. At each time point cells were collected
total RNA was isolated and Northern analysis and
densitization were performed as described. The rela-
tive intensity in the absence of LPS treatment for
each time point (MSFM alone) is taken as control
(100%).
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Fig. 4. Decreased cathepsin S mRNA in LPS-
treated primary rat alveolar macrophages. Total
RNA was isolated from 5 X 106 rat alveolar macro-

phages treated with increasing concentrations of LPS
for 4 hr (A) or treated with 100 ng/ml LPS for vari-
ous durations (B) and subject to Northern analysis
(15-20 ,ug/lane). RNA blots were probed with 32p_
labeled cDNAs specific for cathepsin S.

dependently in RAW macrophages (Fig. 5A) and
in N13 microglia (Fig. 5B). In both cases, a de-
crease of 50%/o to 75% in cathepsin S protein was
observed upon 24-hr treatment with 300 ng/ml
of LPS. In addition, IFN--y treatment of RAW
macrophages decreased cathepsin S protein in a

dose-dependent manner (Fig. 5C). These data
are in agreement with the decreased mRNA lev-
els observed above following LPS and IFN- y
treatment of cells.
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Table 1. Effects of various cytokines on cathepsin S, B, and L mRNA levels

% Relative mRNA in the Absence of Treatment

Agent Concentration Cathepsin S Cathepsin B Cathepsin L

TNF-a 0.1 ng/ml 70.2 59.5 66.4
TNF-a 1.0 ng/ml 38.1 47.3 36.7
TNF-a 10 ng/ml 59.9 61.0 67.5
IL-la 0.1 ng/ml 44.0 36.9 40.0
IL-la 1.0 ng/ml 49.5 55.1 57.1
IL-1a 10 ng/ml 36.8 8.5 18.0
GM-CSF 0.1 ng/ml 100 64.3 82.9
GM-CSF 1.0 ng/ml 69.6 53.2 62.3
GM-CSF 10 ng/ml 46.7 38.2 45.3
IFN-a 3 U/ml 68.2 53.1 59.0
IFN-a 30 U/ml 56.4 49.6 56.3

IFN-y 30 U/ml 23.7 25.5 24.0

N13 microglial cells were treated for 24 hr in MSFM in the absence or presence of the indicated concentrations of TNF-a, IL-l a,
IFN-,y, GM-CSF, and IFN-a. Northem analysis was performed and intensities of specific bands were quantified by densitometry.
All values were then standardized to 18S rRNA and data are presented as % relative level of mRNA in the absence of treatment.
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We next examined whether RAW 264.7
macrophages and N13 microglial cells regulate
their cathepsin S proteolytic activity in response
to activating signals. We used the inhibition by

Fig. 5. Decreased cathepsin S protein in
LPS-treated macrophage and microglia cell
lines. (A) RAW macrophage or (B) N13 micro-
glia treated for 24 hr with various doses of LPS.
Following SDS-PAGE of cell lysates or recombi-
nant cathepsins, Western blotting was performed
with anti-cathepsin S antiserum as described in
Materials and Methods. In the graphs, relative
intensity in the absence of treatment is taken as
control (100%). Data represent mean ± SEM of
three experiments for RAW cells and mean ±
SEM of two experiments for N1 3 cells.

active-site cysteine protease inhibitor, E64, as an
indication of specificity to enable us to determine
cysteine protease activity. We also used preincu-
bation of samples at neutral pH to specifically
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determine cathepsin S activity, since other cys-

teine lysosomal proteinases become irreversibly
inactivated after prolonged incubation at neutral
pH (7,9). Just as LPS had decreased mRNA ex-

pression, LPS decreased the levels of cathepsin S
protease activity in both RAW and N1 3 cells in a

dose-dependent manner (Fig. 6A, B). A 50%
decrease in cellular cathepsin S activity was

achieved in RAW macrophages and N1 3 micro-
glia by LPS at 30 ng/ml and 3 ng/ml, respectively.
Cathepsin S activity decreased by >75% in re-

sponse to 300 ng/ml of LPS in both RAW and

Fig. 6. Effects of activating agents on cellular
cathepsin S protease activity in macrophage
and microglia cell lines. Cells were treated with
various doses of LPS, or with 10 nM PMA, 20
ng/ml TNF-a, 50 U/ml IFN-y, 20 ng/ml IL-la, 50
U/ml IFN-a, or 10 ng/ml GM-CSF for 24 hr in
MSFM. Cathepsin S protease activity was measured
in cell lysates of RAW macrophages (A and C) or
N13 microglia (B and D) from 24-hr-treated cells
utilizing the fluorogenic substrate Z-FR-AMC as
described in Materials and Methods. Data represent
mean ± SEM of three experiments measuring E64-
inhibitable cathepsin S activity. Activity in the ab-
sence of LPS treatment is taken as control (100%).

Fig. 7. Effects of activating agents on se-
creted cathepsin S protease activity in mac-
rophage and microglia cell lines. Cells were
treated with various doses of LPS, or with 10 nM
PMA, 20 ng/ml TNF-a, 50 U/ml IFN-,y, 20 ng/ml
IL-la, 50 U/ml IFN-a, or 10 ng/ml GM-CSF for
24 hr in MSFM. Cathepsin S protease activity was
measured in the conditioned medium of RAW
macrophages (A and C) or N13 microglia (B and
D) from 24-hr-treated cells utilizing the fluoro-
genic substrate Z-FR-AMC as described in Materi-
als and Methods. Data represent mean ± SEM of
three experiments measuring E64-inhibitable ca-
thepsin S activity. Activity in the absence of LPS
treatment is taken as control (100%).

N13 cells. Similarly, 24-hr treatment with PMA,
TNF-a, IFN--y, IL-la, IFN-a, and GM-CSF dra-
matically decreased the levels of cellular cathep-
sin S activity in RAW and N13 cells (Fig. 6C, D);
this is consistent with the observed decrease in
levels of cathepsin S mRNA by these agents.

In contrast to the decreased level of cathep-
sin S activity in cells, we found that LPS dose-
dependently increased secreted cathepsin S ac-
tivity from RAW or N13 cells (Fig. 7A, B). A low
concentration of 3 ng/ml LPS increased cathep-
sin S activity to about 1.8 times control levels in
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Fig. 8. Time-course analysis of LPS on macro-
phage and microglia cathepsin S protease ac-
tivity. RAW 264.7 cells were both initially cultured
and treated in MSFM with 30 ng/ml LPS for various
durations, and cathepsin S protease activity was
measured in cell lysates (A) and in C.M. (B) utilizing
the fluorogenic substrate Z-FR-AMC. Data represent
mean ± SEM of representative experiment measur-
ing E64-inhibitable cathepsin S activity.

RAW-conditioned medium and to about 2.1
times control levels in N13-conditioned medium
following 24-hr treatment. LPS at 300 ng/ml in-
creased cathepsin S activity 2.7-fold in RAW-
and 3.1-fold in N13-conditioned medium. Also,

we found that the agent PMA and the cytokines
TNF-a, IFN-y, IL-la, IFN-a, and GM-CSF in-
creased the levels of cathepsin S protease activity
found in the culture medium of RAW macro-
phages and N13 microglia by 2-3 times that of
control levels after 24-hr treatment (Fig. 7C, D).
On the other hand, treatment of cells for 24 hr
with TGF-f3, an inhibitor of macrophage activa-
tion, did not result in increased secretion of ca-
thepsin S activity (J. P. Liuzzo and L. A. Devi,
unpublished observations). We also followed the
time course of cathepsin S secretion and cellular
activity in RAW macrophages and NI 3 microglia.
Cells initially cultured in MSFM for 24 hr were
then treated with 30 ng/ml of LPS in fresh MSFM
for various durations. LPS decreased the cellular
levels of cathepsin S activity in RAW macro-
phages to about 50% of the control level after 2
hr of treatment (Fig. 8A). In the conditioned
medium it was found that LPS rapidly caused the
secretion of cathepsin S activity, which was evi-
dent after 15 min (Fig. 8B). Since the cathepsin S
mRNA and cellular activity were decreased after
24 hr of treatment with activating agents, ca-
thepsin S activity present in macrophage and
microglia C.M. at 24 hr is likely the result of
stability at neutral pH of this rapidly secreted
protease. However, we cannot exclude the pos-
sibility that a yet-unidentified cysteine lysosomal
protease with similar properties contributes to
the observed secreted activity. These data suggest
that macrophages and microglia, upon activation
by cytokines, secrete a cathepsin S-like activity,

A. B.
1 2 3

198-

116-
86-
65-
56

40-

o
c

pH 6.5 pH 7.5

Fig. 9. Proteolysis of basement
membrane HSPG by cathepsin S.
(A) Two micrograms of native proteo-
glycan was incubated with 300 ng or
30 ng of human recombinant cathepsin
S for 150 min at acidic pH and ana-
lyzed as described in Materials and
Methods. Lane 1, HSPG incubated with
300 ng cathepsin S and 5 ,uM E64 in-
cluded in the reaction mixture; lane 2,
HSPG incubated with 30 ng of cathep-
sin S; lane 3 HSPG incubated with 300
ng cathepsin S. (B) Ten nanograms of
recombinant cathepsin S was incubated
with 1 ,tg of HSPG (1:1000 substrate:
enzyme ratio) for 1.5 hr in sodium
phosphate buffer, pH 6.5 or pH 7.5,
containing 50 ttM E64. Mock digestion
contained no cathepsin S. Samples
were analyzed by silver staining, gels
were scanned and desensitized as de-
scribed. The results represent % con-
trol.
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Fig. 10. Proteolysis of HSPG by cathepsin S in
vivo attenuates bFGF-dependent cell-cell at-
tachment mediated by FGFRs and HSPGs.
(A) Co-cultures of 32D-FGFR-1 suspension cells
with four different cell types-CHO or BAE wild-
type (WT) cells, or CHO or BAE cells transfected
with cathepsin S (CS)-performed in the presence or
absence of 10 ng/ml of bFGF. (B) Comparison of co-
cultures of 32D-FGFR-1 suspension cells with either
wild-type or cathepsin S-transfected BAE cells with-
out bFGF, with bFGF, with bFGF using BAE cells
grown in the presence of E64, or with bFGF using
BAE cells preincubated with recombinant cathepsin
S (CatS).

which in turn may take part in the dissolution of
the ECM and its remodeling.

We have previously demonstrated that ca-

thepsin S processes two brain chondroitin pro-

teoglycans, neurocan and phosphacan (11), and
the amyloid precursor protein (S. S. Petanceska
and L. A. Devi, unpublished observations),
which is known to contain chondroitin sulfate
modifications (26,27). We investigated whether
recombinant cathepsin S can cleave basement
membrane HSPG. Following a 2.5-hr incubation
at pH 6.5 of recombinant human cathepsin S,
purified basement membrane HSPG was almost
completely degraded (Fig. 9A). Including E64 in

the reaction mixture completely abolished the
degradation of the HSPG. We also compared the
ability of cathepsin S to degrade basement mem-
brane HSPG at a neutral pH and found that ca-
thepsin S degraded basement membrane HSPG
at both pH 6.5 and pH 7.5 with similar efficien-
cies (Fig. 9B).

We tested whether exogenous recombinant
cathepsin S could affect the binding of iodinated
bFGF ('251-bFGF) to cells and affect the bFGF-
dependent adhesion of 32D-FGFR cells to CHO
cells in co-culture experiments (17,18), and
found that exogenous recombinant cathepsin S
did not decrease the bFGF-dependent adhesion
between these two cell types (data not shown).
To overcome the possibility that exogenous ca-
thepsin S is being inhibited by cell surface inhib-
itors, we overexpressed cathepsin S in cells and
examined the effect on cell-derived HSPGs. We
transfected CHO and BAE cells with cathepsin S,
which do not express endogenous forms of this
enzyme. Northern blot analysis and Western blot
analysis confirmed cathepsin S mRNA in trans-
fected cells, and not in untransfected cells, and
cathepsin S protease activity was found to be
secreted at high levels from unstimulated trans-
fected cells (not shown). This enabled us to test
whether cellular cathepsin S had an effect on
cellular HSPGs by performing 1251-bFGF ligand
blotting of wild-type or transfected BAE cell ly-
sates. In autoradiographs of 1251-bFGF ligand
blots, we detected a broad smear of molecules
ranging from 100 to 250 kDa in wild-type BAE
cells, which disappeared upon inclusion of solu-
ble heparin-this is characteristic of HSPG
(28,29; data not shown). In BAE cells transfected
with cathepsin S, the levels of bFGF-binding
HSPG was substantially decreased (data not
shown), suggesting that secreted cathepsin S
might play a role in digesting bFGF-binding
HSPGs and that way, facilitate the release of
these molecules from cultured cells.

Transfected, adherent CHO and BAE cells
were then used in co-culture experiments to de-
termine the effect on bFGF-dependent attach-
ment of 32D-FGFR-1 cells to HSPGs (18). At-
tachment of 32D-FGFR-1 cells to wild-type and
cathepsin S-transfected CHO cells and BAE cells
revealed a 10% to 20% decrease in bFGF-depen-
dent attachment (Fig. 1OA). This decreased at-
tachment could be inhibited by culturing the
adherent cell layer in the presence of the specific,
cysteine lysosomal protease inhibitor, E64
(Fig. lOB). Addition of exogenous recombinant
cathepsin S to transfected BAE cell cultures fur-
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ther attenuated the bFGF-dependent attachment
of 32D-FGFR- 1 cells (not shown). This decreased
attachment to cathepsin S-transfected cells may
be caused by cathepsin S acting on basement
membrane HSPG in the adherent endothelial cell
cultures.

Discussion
Tissue macrophages and microglia are versatile,
dynamic cells that, under normal circumstances,
are quiescent, but respond aggressively to exter-
nal stimuli. Cathepsin S is a cysteine lysosomal
protease strictly expressed in these mononuclear
phagocytic cells. We report that LPS, the proto-
typic agent used to stimulate macrophage activa-
tion, cytokines commonly found associated with
inflammatory processes, e.g., TNF-a, IFN-y, IL-
la, IFN-a, and GM-CSF, and a PKC activator
stimulate the release of proteolytically active ca-

thepsin S into a neutral pH environment. Ca-
thepsin S activity in the medium remains even

after 24 hr, making it an ideal candidate for
extracellular proteolysis in vivo. Along with in-
creased secretion, these agents decrease the cel-
lular level of cathepsin S activity in macrophages
and microglia after 24 hr of treatment. The max-

imum amount secreted accounts for only 5%
and 30% of total cellular cathepsin S activity in
RAW macrophages and Ni 3 microglia, respec-

tively. The lower percentage of total cathepsin S
released by RAW cells is consistent with our
finding that macrophages contain higher levels
of basal cathepsin S activity than microglial cells.
Decreased cellular cathepsin S activity is due to
increased secretion and decreased mRNA levels,
indicating that cysteine lysosomal proteinases
are negatively regulated by long-term activating
signals.

In this study, using cell lines and primary
cells, we have extended our previous findings
that cathepsin S secretion and expression in
macrophages and microglia can be regulated by
inflammatory agents. Previously, we reported
a 2- to 3-fold increase in secretion of cathepsin
S activity from LPS-stimulated, thioglycolate-
elicited macrophages compared to LPS-stimu-
lated resident macrophages (1 1). We have also
reported an in vivo up-regulation of cathepsin
S mRNA in microglia following entorhinal cor-

tex lesion in rat brain (11); the molecular sig-
nals that regulate this phenomenon remain to
be elucidated. Cathepsin B has not been found
to be secreted from either unstimulated or ac-

tivated peritoneal macrophages elicited by
mineral oil, endotoxin, carrageenan, or thio-
glycolate (30,31). Regulation of cathepsin L
has been described in murine thioglycolate-
elicited peritoneal macrophages, whereby after
5 days they contain significantly more cathep-
sin L protein than resident peritoneal macro-
phages; however, in this in vivo circumstance,
the agents directly responsible are also un-
known (32). Our study here further demon-
strates regulation of secretion and expression
of cysteine lysosomal proteases in macro-
phages and microglia by various inflammatory
mediators that may be present under various
circumstances in vivo, e.g., CNS injury and
nerve degeneration (1,4,33).

The cysteine proteinases of the cathepsin
family are able to degrade a wide range of pro-
tein substrates, thus their localization in lyso-
somes exemplifies their role in protein turnover
(34). They have also been demonstrated to func-
tion in degradation of the major proteins found
in the ECM and basement membranes. Specifi-
cally, cathepsin B is found to degrade collagens
(including type IV), proteoglycans, laminin, and
fibronectin (35-38) and cathepsin L is found to
degrade collagen, elastin, fibronectin, and lami-
nin (39-41) in vitro at acidic pH. We and others
have demonstrated that cathepsin S has the abil-
ity to degrade laminin, fibronectin, collagens,
elastin, and chondroitin sulfate proteoglycan
(CSPG) at both neutral and acidic pH (9-12).
Therefore, cathepsin S may function extracellu-
larly for long durations to proteolyse proteins of
the interstitial matrix.

Macrophage recruitment during immune
and inflammatory processes requires adhesion to
endothelium, extravasation through the vessel
wall, and migration into the appropriate tissue.
This process, which mimics tumor cell metasta-
sis, requires proteases to degrade the ECM and
the basement membrane surrounding blood ves-
sels (42). For a role of cysteine proteinases in
macrophage degradation of ECM and basement
membrane components during inflammation it
is important to demonstrate extracellular active
forms of these enzymes. Cathepsin B is secreted
from malignant tumors in an active high-molec-
ular-weight form that is stable at neutral pH and
this correlates with metastatic potential (43). Ca-
thepsin L precursors are also found extracellu-
larly via secretion from transformed and non-
transformed fibroblasts, but is inactive at neutral
pH and becomes an active enzyme only at pH 3.0
(34,44). Since secreted precursor cathepsin L is
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inactive at neutral pH and precursor cathepsin B
is active but secreted only from malignant cells,
our demonstration of increased secreted active
cathepsin S from stimulated cells of the mono-
nuclear-phagocytic system suggests that cathep-
sin S could contribute substantially to the extra-
cellular degradation. Alternatively, the increase
in extracellular cathepsin S-like activity can be
due to down-regulation of the constitutive secre-
tion of cystatin C, as observed in activated mono-
cytes and macrophages (45).

Macrophages and microglia secrete well over
100 products when activated, and this complex
process must be highly regulated by external
stimuli of both microbial and mammalian origin
(3,4). LPS is a potent stimulant for macrophages
and microglia and in high concentrations may
result in a full activation state. The proinflamma-
tory cytokines TNFa, IFN-a/j/y, IL-I-a/p, M-
CSF, and GM-CSF can all be secreted by LPS-
induced macrophages and microglia and thus
may act to potentiate the inflammatory response
in an autocrine manner (46,47). In addition,
they may be secreted by other activated cells and
act on macrophages or microglia in a paracrine
manner; for example, IL- 1 is released by B cells,
natural killer cells, neutrophils, endothelial cells
(EC), and astrocytes (4). Cytokines derived from
macrophages or other cells may in turn regulate
the levels of other cytokines; IFN-y enhances
macrophage release of TNF-a; IL-1 and TNF-a
induce each other's release from EC and macro-
phages; and IL-I and TNF-a stimulate fibroblasts
and EC to release GM-CSF (48-50). How these
complex networks of signals regulate the secre-
tory capacity of macrophages and microglia is not
well understood. We provide evidence that they
can regulate the cysteine lysosomal proteases, in
particular cathepsin S, which may be important
for extracellular action against matrix and base-
ment membrane proteins. Cathepsin S joins the
growing list of secretory products of stimulated
macrophages and microglia that may act to mod-
ulate tissue remodeling.

HSPG has been described as a multi-domain,
multifunctional molecule that binds growth fac-
tors and extracellular matrix molecules such as
type IV collagen, laminin, and fibronectin (14).
Such interactions may result in control of cell
proliferation and differentiation. In this study,
we have demonstrated that purified recombinant
cathepsin S can degrade HSPG derived from En-
gelbreth-Holm-Swarm tumor, which is similar to
HSPG found in the basement membrane of many
tissues including skin, liver, blood vessels, and

kidney. HSPGs are important low-affinity cell-
surface and ECM receptors for bFGF which facil-
itate bFGF binding to FGF receptors (FGFRs) and
promote their dimerization (16). Perlecan, the
large basement membrane HSPG, was previously
found to induce high-affinity binding to cells
deficient in heparan sulfate and to soluble FGF
receptors, and promote mitogenesis and angio-
genesis (15). We have previously shown that
HSPG on adherent cells in culture can promote
the bFGF-dependent attachment of suspension
cells containing FGFRs (32D-FGFR cells) but are
deficient in HSPGs (18). Utilizing this assay, we
now demonstrate that expression of cathepsin S
in HSPG-bearing adherent cells that do not nor-
mally express cathepsin S moderately attenuates
the bFGF-dependent attachment of 32D-FGFR
cells. Whether cells attach predominantly to the
HSPGs on the cell surface or the ECM produced
by the adherent cell layer is not yet determined.
In addition to attaching to cell-surface HSPG,
32D-FGFR cells could attach to basement mem-
brane HSPG since the attachment of these cells
occurs at the boundaries or junctions between
adherent cells where basement membrane HSPG
is localized (51-53). Proteoglycan shedding from
cultured cells has been known for a long time,
although the specific proteases involved remain
elusive (54). Here we demonstrate a role for
secreted cathepsin S in the regulation of bFGF-
binding of HSPG in the ECM.

In summary, we have shown that cellular
cathepsin levels are negatively regulated in mac-
rophages and microglia in response to LPS and
other activating inflammatory cytokines. How-
ever, these activating agents are able to stimulate
macrophages and microglia to significantly in-
crease their secretion of cathepsin S, which re-
mains active at neutral pH for long duration.
Cathepsin S had been shown to process ECM
molecules, and here we demonstrate that it also
degrades basement membrane HSPG. These ob-
servations suggest that it might be involved in
the regulation of heparan sulfate interactions
with important signaling molecules.
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