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Abstract

The phorbol myristate acetate (PMA)-differentiated myelo-
monocytic cell line, THP-1, and human alveolar macrophages
contain the cysteine proteinase cathepsin L. This enzyme is
synthesized as a 43-kD proenzyme and processed to the active
25-kD form. Differentiation of THP-1 cells in the presence of
human serum resulted in a increase in the size of the vacuolar
compartment and the accumulation of more 25-kD cathepsin L
antigen, as compared with THP-1 cells differentiated in the
presence of fetal calf serum. Cells cultured in both types of sera
have equivalent levels of cathepsin L mRNA.Metabolic label-
ing experiments demonstrated equivalent rates of synthesis,
processing to the active form, and persistence in both culture
conditions. An extracellular source of enzyme was documented
by immunoblotting human serum which demonstrated 25-kD
cathepsin L antigen; furthermore, we demonstrated that both
THP-1 cells, differentiated in human serum, and human alveo-
lar macrophages take up the 43-kD proenzyme and process it
to the 25-kD form. Thus, human serum contains a factor(s)
that induces both a marked increase in the size of the vacuolar
compartment in differentiated THP-1 cells and a novel path-
way that is responsible for the uptake and processing of extra-
cellular cathepsin L. The activity of this inducible pathway is a
major determinant of levels of intracellular cathepsin L. Ca-
thepsin L is a potent elastase and the regulation of its uptake
and processing may play a role in the pathogenesis of disease
processes characterized by the destruction of elastin, such as
pulmonary emphysema. (J. Clin. Invest. 1990. 86:176-183.)
Key words: cysteine proteinase - differentiation * elastase
lysosomes * THP-1 cell line

Introduction

Current concepts regarding the pathogenesis of emphysema
postulate that elastin degradation is a critical component in the
development of this debilitating chronic lung disease (1). It has
been suggested that lung macrophages play an important role
in the connective tissue destruction characteristic of this dis-
order (2). Wehave previously reported that human macro-
phages are capable of degrading elastin by a contact-dependent
process that involves one or more cysteine proteinases (3).
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There is some controversy concerning the enzyme(s) involved
in extracellular elastin degradation, however, in that Senior
and colleagues (4) reported that human alveolar macrophages,
after 24 h in culture, degrade elastin by a process that is inhibit-
able by tissue inhibitor of metalloproteinases (TIMP). In con-
nective tissue matrices, the cooperative participation of the
serine proteinases plasminogen activator and plasmin(ogen) is
required for measurable elastolysis to take place (3, 5, 6).
Humanalveolar macrophages synthesize and express cathep-
sin L, which is an acidic cysteine proteinase that is a potent
elastase (7, 8). This enzyme is synthesized as a 43-kD precursor
and then processed to an active 25-kD enzyme via a 34-kD
intermediate. The 34-kD intermediate also has some enzy-
matic activity (9). In addition to the intracellular accumula-
tion of cathepsin L, it has also been reported that human
alveolar macrophages secrete the 43-kD form of the enzyme in
culture (7).

Wesought to examine the factors that regulate the accu-
mulation of cathepsin L by human macrophages. In earlier
work, it was demonstrated that human peripheral blood
monocytes do not contain appreciable cathepsin L mRNA,
whereas human alveolar macrophages contain demonstrable
levels of a 1.5-kB mRNAtranscript encoding for cathepsin L
(7). Thus, the expression of cathepsin L occurs at some point
during the differentiation from monocyte to tissue macro-
phage. Weused a human cell line (THP- 1) as a model system
to explore cathepsin L regulation. The THP-l cell line has
myelomonocytic characteristics and can be differentiated into
a macrophage-like cell by exposure to retinoids and phorbol
esters (10, 11). The data demonstrate that human macro-
phages have several independent mechanisms for cathepsin L
accumulation and document the contribution of uptake of
extracellular enzyme to steady-state intracellular cathepsin L
levels.

Methods

Cell culture. THP-l cells were obtained from the American Type Cul-
ture Collection, Rockville, MD. Cells were cultured in RPMI-1640
with 100 ,g/ml streptomycin, 100 U/ml penicillin, 5 X 10-5 M2-mer-
captoethanol (RPMI), and 10% heat-inactivated (HI)' fetal calf serum
(HIFCS; Hyclone Laboratories, Logan, UT). Cells were maintained at
370C, 100% humidity, and 5% CO2. Cells were differentiated at a
concentration of 106 cells/ml in either RPMI/10% FCSor RPMI/20%
human serum by the addition of phorbol myristate acetate (PMA)
(Sigma Chemical Co., St. Louis, MO) to give a final concentration of
18 nM. During the differentiation process, care was taken to avoid
exposure of the PMAor cells plus PMAto direct light. Except as noted,
all experiments done with differentiated cells were performed 72 h
after the addition of PMA.

1. Abbreviation used in this paper: HI, heat-inactivated (FCS or human
serum).
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Human alveolar macrophages were collected as previously de-
scribed (3). In brief, normal volunteers underwent bronchoalveolar
lavage under a protocol approved by the institutional committee for
the protection of human subjects from research risks. The collected
lavage specimen was placed on ice and then centrifuged at 300 g to
pellet the cells. The cells were resuspended in Dulbecco's modified
Eagle's medium (DME) with 20 mMHepes, 100 U/ml penicillin, and
100 sg/ml streptomycin. These alveolar macrophages were then used
for the experiments described below.

Measurement of rates ofpinocytosis and quantitation of the size of
the vacuolar compartment. Swanson and colleagues (12) have reported
that the use of Lucifer yellow CHallows the determination of rates of
pinocytosis and the size of the vacuolar compartment. The uptake of
Lucifer yellow within the first hour represents pinocytotic ingestion;
levels after 24 h are more reflective of the size of the larger endocytic
compartment, which displays slower kinetics.

Differentiated THP-1 cells were incubated with 1 mg/ml Lucifer
yellow (Molecular Probes, Eugene, OR) for 0-24 h at 370C, 100%
humidity, 5% CO2. After 0-24 h, the cells were washed extensively
with phosphate-buffered saline (PBS) and lysed in PBS/1% Triton
X-100/0.5% deoxycholate. Fluorescence of intracellular Lucifer Yel-
low was measured in a fluorescence spectrophotometer (model 10S,
Perkin-Elmer Corp., Norwalk, CT) with excitation at 428 nm and
emission monitored at 540 nm. Preliminary experiments demon-
strated that the uptake of Lucifer yellow was proportional to probe
concentration. Rates of pinocytosis were measured by quantitating
Lucifer yellow uptake over 30-90 min. The size of the endocytic com-
partment was determined by quantitating uptake of Lucifer yellow in
cells that had been exposed to the dye for 24 h.

mRNAanalysis. Total cellular RNAwas extracted from THP-I
cells by the guanidinium isothiocyanate/CsCl method (13). RNAwas
electrophoresed (15 gg/lane) in formaldehyde/agarose gels and trans-
ferred to nitrocellulose (Northern blotting) or various amounts of
RNAwere applied directly to nitrocellulose (dot blotting) (14). The
cDNAprobe used was an 800-bp cDNAof cathepsin L isolated from a
human kidney cDNA library and subcloned in the plasmid PUC13
(15). The actin probe used was a gift of Dr. Jeff Leiden (Howard
Hughes Medical Institute Research Laboratories, University of Michi-
gan Medical Center, Ann Arbor, MI). The filters were baked, prehy-
bridized, and hybridized with 32P-labeled nick-translated cDNA (16).
The filters were washed and exposed to Kodak XR-5 film (Eastman
Kodak Co., Rochester, NY) at -70°C for 12-48 h.

Metabolic labeling and immunoprecipitation. Metabolic labeling,
immunoprecipitation and autoradiography were done as previously
reported, with minor modifications (7). 10 million differentiated
THP-1 cells in 25-cm2 tissue culture flasks were labeled in 4 ml of
methionine-free DMEcontaining 1 mg/ml bovine serum albumin
(BSA) and 500 ,Ci of [35Slmethionine for 2-6 h as noted at 37°C, 5%
CO2, 100% humidity. 24-h labeling experiments were modified by
including 10% (vol/vol) of methionine containing DMEin the flask.
After the labeling period, the cells were washed three times with PBS
and then either lysed or changed to tissue culture media for the speci-
fied chase period. Cells were lysed in PBS plus 1% Triton X-100, 10
mMEDTA, 2 mMphenylmethanesulfonyl fluoride, 100 U/ml Tra-
syslol (Sigma Chemical Co.), and 0.5% deoxycholate. The cells were
subjected to three cycles of freeze-thawing, scraped with a rubber po-
liceman, and then clarified by centrifugation at 14,000 g for 15 min.

Immunoprecipitation was performed after clarification of samples
with 12.5 mgof Protein A-Sepharose (Sigma Chemical Co.) and 15 usl
of normal rabbit serum. To ensure that quantitatively comparable
samples were being studied, three methods were used for determining
sample size. The first consisted of choosing a volume of lysate from
pulsed cells containing I0' cpm and sampling an identical volume of
cell lysate from subsequent chase samples. The second consisted of
scraping cells off the tissue culture plate and counting in a hematocy-
tometer before lysis. The volume of lysis buffer was adjusted so each
sample had the same concentration of cells and identical volumes were
used for immunoprecipitations. Lastly, total protein content of cell

lysate was determined by the method of Lowry et al. (17) and sample
volumes were calculated to give equivalent protein content. After the
initial clarification, sodium dodecyl sulfate (SDS) was added to the
samples in sufficient quantity to give a final concentration of 0.2%.
The samples were than incubated at room temperature for 2 h with 15
1d of rabbit anti-human cathepsin L antibody. Protein A-Sepharose
(6.25 mg) was then added for an additional 30 min at room tempera-
ture. The beads were then washed at least four times in PBS/0.5%
Triton/0. 1%SDSand complexes were removed by boiling in reduced
sample buffer and electrophoresed on SDS/10% (wt/vol) polyacryl-
amide gels. The gels were stained in Coomassie blue, destained, soaked
in 16% salycylic acid/l% glycerol, and dried. Autoradiography was
then performed using XR5 film at -70'C.

Western blotting. This was performed as previously described (7).
Briefly, I07 THP-l cells or 8 X 106 human alveolar macrophages per
sample were lysed as described above. After initial clarification by
centrifugation, total cellular protein was extracted as described by
Wessel and Flugge (18). These pellets were resuspended in reduced
sample buffer and electrophoresed on 10% SDS-PAGE. The electro-
phoresed proteins were then transferred to nitrocellulose by means of a
Transblot apparatus (Bio-Rad Laboratories, Richmond, CA) using
buffers as described by Burnette (19). Nonfat dried milk (5%, wt/vol) in
PBS was used subsequently to block nonspecific protein adherence
during the antibody staining. Primary antibody staining with rabbit
anti-human cathepsin L was carried out for 2 h at room temperature.
Secondary antibody staining was performed under similar conditions
using '25I-coupled goat anti-rabbit IgG. After drying of the nitrocellu-
lose filter, autoradiography was performed.

Uptake of pro-cathepsin L. W138 VA13 fibroblasts were obtained
from the American Type Culture Collection. These were cultured in
DME/l0% HIFCS. Conditioned media containing pro-cathepsin L
was made by washing confluent monolayers of fibroblasts three times
with PBS. The cells were then incubated for 24 h in DMEplus 10 mM
NH4Cl. The NH4CI disrupts lysosomal pH gradients and results in the
secretion of the proenzyme forms of lysosomal enzymes (20). The
media was harvested at 24 h, centrifuged at 300 g to remove cellular
debris, and then concentrated 100-200-fold using a positive-pressure
filter (Amicon Corp., Danvers, MA). This concentrated media was
then used as a source of pro-cathepsin L for Western blots.

Uptake demonstrated by Western blots was performed as follows:
THP-I cells were differentiated with 18 nMPMAas described above.
At 72 h postdifferentiation, the cells were changed to fresh media with
or without the addition of concentrated W138 supernatant. 24 h later,
I0' cells were lysed in PBS/l% Triton X-100 and Western blotting was
performed as outlined above. These experiments were also performed
in the presence of 10 mMmannose-6phosphate, 100 mMmannose,
and 12.5 mg/ml fucoidan (all sugars obtained from Sigma Chemical
Co.) in an attempt to delineate the pathways involved in uptake. Ex-
periments involving human alveolar macrophages were performed by
culturing freshly isolated macrophages in DMEplus 0.25 mg/ml BSA.
To this, supernatant with or without saccharides was added. After 24 h
at 37°C, 5%CO2cells were processed as outlined for THP-l cells.

Results

Differentiation induces cathepsin L synthesis. In the undiffer-
entiated state, the THP-1 cell has myelomonocytic character-
istics. It is similar to peripheral blood monocytes in that it does
not contain detectable quantities of cathepsin L. Differentia-
tion of THP-1 cells with 18 nMPMAresults in a cell with the
morphologic characteristics of a macrophage, including adher-
ence. Given the fact that differentiated peripheral blood
monocytes and human alveolar macrophages synthesize ca-
thepsin L, we sought to determine whether such differentiation
results in the induction of cathepsin L synthesis (7). Fig. 1
displays the analysis of levels of mRNAencoding cathepsin L
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in undifferentiated and differentiated THP- 1 cells. Fig. 1 (left)
is a Northern blot showing a small amount of 1.5-kb cathepsin
L mRNAin undifferentiated cells in the left lane and easily
detectable cathepsin L mRNAin differentiated THP- 1 cells in
the right lane. The accompanying panel (Fig. 1, right) shows
the same blot probed with a probe for actin mRNAto demon-
strate the relative amounts of mRNApresent in each lane.
Quantitative dot blotting of THP- 1 mRNAdemonstrated that
differentiation results in a 10-fold (mean of seven experiments)
increase in cathepsin L mRNAlevels (data not shown).

Effects of human serum on THP-I cells. Previous work has
demonstrated that incubating monocytes isolated from pe-
ripheral human blood in 20% human serum will induce dif-
ferentiation of these cells into cells that resemble macrophages
(21). Wesought to determine whether the substitution of
human serum for FCS in the cultures of differentiated THP- 1
cells would have any effect on cell morphology or cathepsin L
levels.

Fig. 2 shows a representative photomicrograph of THP- 1
cells differentiated with 18 nM PMAand photographed 72 h
after culture in RPMI 1640 with either 10% HIFCS or 20% HI
human serum. The same morphologic differences were ob-
served when cells differentiated with PMAin the presence of
20% HIFCS were compared to cells similarly differentiated in
the presence of 20% HI human serum. The cells cultured in
human serum have an easily visible and dramatic increase in
the number of vacuoles visible within the cell. Other investi-
gators have reported the use of a variety of compounds to
determine both the extent and pH of the lysosomal compart-
ment. These compounds include fluorescein isothiocyanate
(FITC), FITC-Dextran, Texas red ovalbumin, and Lucifer yel-
low (12, 22-24). Fig. 2 B shows in graphical form the results of
four experiments (demonstrating that the vacuolar compart-
ment is 85±38% larger) in cells cultured in human serum,
using incubation with Lucifer yellow for 24 h and then mea-
suring fluorescence of cell lysates. The 85% increase in vacuo-
lar compartment size shown in Fig. 2 B may be an underrep-
resentation, since under fluorescence microscopy, there was
visible fluorescence in only a portion of the vacuoles visible
under phase-contrast microscopy. This phenomenom was also
observed using FITC and FHTC-Dextran (data not shown).
The induction of this morphologic change was not blocked by
mixing FCS and human serum during the cell culture (data
not shown).
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Culture Conditions

Figure 2. Humanserum induces an increase in the vacuolar com-
partment in differentiated THP-1 cells. (A) Photomicrograph of
THP-l cells 72 h after differentiation with 18 nMPMA. Cells were
cultured in RPMI plus fetal calf serum (FCS) or human serum (HS)
as noted. Note the marked increase in vacuoles visible in cells cul-
tured in human serum. (B) Quantitation of increased vacuolar size
by Lucifer yellow. Differentiated THP-l cells in FCS or human
serum as noted incubated with 1 mg/ml Lucifer yellow as outlined in
methods. Measurement of fluorescence demonstrated 85±36% in-
crease in vacuolar compartment (mean±SD of four experiments).

This morphologic difference led us to question whether
comparable differences in the levels of the lysosomal enzyme,
cathepsin L, would be detectable. Fig. 3 shows a Western blot
of' THP-1 cell lysates developed with anti-cathepsin L anti-
body. The blot shows very little cathepsin L antigen visible in
the cells cultured in FCS, but large quantities of the 25-kD
form of cathepsin L are detected in lysates of cells cultured in
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Figure 3. Cathepsin L antigen in differentiated THP-l cells. (A) Im-
munoblot of THP- 1 cell lysates showing no detectable cathepsin L
antigen in THP- I cells or THP- I cell cultured in fetal calf serum
(FCS) for 3 d after exposure to 18 nMPMA. In contrast, THP- I
cells cultured in human serum (HS) for 3 d after exposure to 18 nM
PMAhave clearly demonstrable 25-kD cathepsin L antigen. (B)
Blocking experiment. Immunoblot showing cathepsin L antigen in
THP- 1 cells differentiated in the presence of human serum. Lanes A
and B represent lysates of such cells probed with anticathepsin L an-
tibody and demonstrate 25-kD cathepsin L in both sets of cell ly-
sates. Lanes Cand D represent the same lysates probed with anti-
cathepsin L antibody that has been preabsorbed with purified human
cathepsin L, demonstrating that the 25-kD band does represent ca-
thepsin L.
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human serum. Heat inactivation of human serum at 560C for
30 min did not block this induction, nor did extensive dialysis
of human serum (molecular mass cutoff of -11,000 daltons)
(data not shown). Fig. 3 B confirms that this 25-kD band
represents cathepsin L by showing that the immunoreactivity
is blocked by preincubating the antibody with purified cathep-
sin L. Thus, the morphologic changes visible in the cells in
different culture conditions are accompanied by large differ-
ences in intracellular cathepsin L levels.

Comparison of cathepsin L mRNAlevels. Weperformed
Northern and dot blotting for cathepsin L mRNAto establish
whether or not the difference in the observed protein levels was
the result of an increase in steady-state cathepsin L mRNA
levels. Fig. 4 displays the results of this analysis. Fig. 4 A dis-
plays a Northern blot comparing cathepsin L levels in cells
cultured in either FCSor HS. The same blot was then reprobed
for actin mRNAas a control for total RNAloaded in the lane.
Fig. 4 A demonstrates that cathepsin L mRNAlevels are com-
parable under the two culture conditions. This was confirmed
by doing dot blots for cathepsin L mRNAon serial dilutions of
RNAisolated from differentiated THP-l cells under the two
different culture conditions (Fig. 4 B). These analyses also
demonstrated comparable cathepsin L mRNAlevels. These
mRNAlevel data (representative of six experiments) suggest
that the factor(s) responsible for the increase in cathepsin L
antigen do not change steady-state cathepsin L mRNAlevels.

Cathepsin L translation and posttranslational processing.
Wesought to establish whether the differences in antigen levels
could be explained by differences in the rates of cathepsin L
translation or in the rates of posttranslational processing. We
explored these factors by metabolic labelling of differentiated
THP- 1 cells and immunoprecipitation of cell lysates after
varying periods of chase in pulse-chase experiments. Fig. 5
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Figure 5. Biosynthesis of cathepsin L by differentiated THP- I cells in
the presence of fetal calf serum (FCS) or human serum (HS). Im-
munoprecipitation with anti-cathepsin L antibody of [35Sjmethio-
nine metabolically labeled THP- I cells differentiated in the presence
of FCSor HSas noted. Sample size determined as outlined in text.
Cells were labeled overnight, then chased for periods noted. Under
both culture conditions, the cells synthesize comparable amounts of
43-kD proenzyme and process it to 34- and 25-kD forms at compa-
rable rates.
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Figure 4. Comparison of cathepsin L mRNAlevels in THP- cells
cultured in fetal calf serum (FCS) or human serum (HS). (A) North-
ern blot showing comparable levels of 1.5-kb cathepsin L mRNA
transcript in THP-I cells 72 h after differentiation in the presence of
FCSor HSas noted. The blot was then stripped and reprobed for
actin mRNAlevels as a control for the amount of RNAloaded.
Markers given in kilobases (kb). (B) Dot blot of cathepsin L mRNA
levels containing increasing amounts (0.1, 0.5, 1, and 2 jsg RNA, re-
spectively) of THP- I mRNAin each column. Probing for cathepsin
L mRNAdemonstrates comparable levels in cells differentiated in
the presence of FCSor human serum as noted. Both contain much
more (10-fold) than undifferentiated THP-I cells. The blot was then
stripped and reprobed for actin mRNAas a control for amount of
RNAloaded.

shows an experiment representative of the five performed,
with a 24-h label followed by up to a 48-h chase. As we have
previously described in human alveolar macrophages, cathep-
sin L is synthesized as a 43-kD proenzyme and is then pro-
cessed to a 34-kD intermediate (7). This intermediate, which
has been demonstrated to have some enzymatic activity, is
further processed to a 25-kD active form of the enzyme. This
25-kD form is the dominant form detected on Western blot-
ting of macrophage lysates. The band visible at 4 l-kD in the 24
h label lane probably represents the primary translation prod-
uct before glycosylation, as this corresponds to the molecular
weight of polypeptide encoded by the cathepsin L gene. Fig. 5
demonstrates that there is no apparent difference in the rate of
translation of the cathepsin L gene, as evidenced by the com-
parable amounts of 43- and 34-kD cathepsin L seen in the
pulse lane of the figure. In addition, the rate of posttransla-
tional processing appears comparable under the two different
culture conditions, as evidenced by the similar amounts of 34-
and 25-kD antigen seen at 24 and 48 h. The similar amounts
of 25-kD antigen also indicate that there is no obvious differ-
ence in the stability of the 25-kD antigen in the two different
culture conditions. These observations remain unchanged
when the experiments are performed using total protein or cell
number, as outlined in Methods, to determine sample size,
rather than using comparable total counts.

Taken together with the mRNAanalyses presented above,
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these data indicate that the observed differences in cathepsin L
antigen levels seen on Western blots (Fig. 3) cannot be ex-
plained by differences in cathepsin L transcription, transla-
tion, posttranslational processing, or stability of the 25-kD
form of the enzyme. In addition, these experiments highlight
the fact that there are significant differences in the sensitivities
of the methods used to detect cathepsin L antigen. Northern
blotting and metabolic labeling experiments demonstrate the
presence of cathepsin L mRNAand 34- and 25-kD cathepsin
L antigen in cells cultured under both conditions, while the
immunoblots, done using roughly 10 times as many cells, fail
to demonstrate the 34- and 25-kD antigen in cells cultured in
FCS. The experiments described up to this point have exam-
ined each step of the intracellular synthesis of this lysosomal
enzyme. Given the conclusion that the observed differences
could not be explained by differences in protein synthesis or
regulation within the cell, we hypothesized that the antigen
seen on the immunoblots was not the result of intracellular
(endogenous) synthesis, but represented uptake and possible
processing of some form of cathepsin L from an extracellular
source.

Uptake of extracellular enzyme. Immunoblotting of
human serum was performed to determine if the serum con-
tains detectable levels of cathepsin L. As can be seen in the far
left lane of Fig. 6 A, there was antigen detectable in human
serum using the anti-cathepsin L antibody. Preabsorption of
the antibody with purified cathepsin L demonstrated that the
25-kD band seen in serum is in fact cathepsin L. Although
there was some blocking of the higher molecular mass bands,
there was no convincing evidence that pro-cathepsin L is pres-
ent. Gel filtration chromatography demonstrated that the
25-kD antigen was eluted over a broad range of molecular
mass, suggesting that under physiologic conditions some
25-kD cathepsin L is bound to one or more serum proteins
(data not shown).

Weinvestigated whether these macrophages were capable
of accumulating cathepsin L from the extracellular space and,
if so, by what mechanism. Published reports have demon-
strated that cathepsin L is the major product of transformed
fibroblasts (9). We therefore performed preliminary experi-
ments with the transformed lung fibroblast cell line, W138

VA13, to determine if this particular line also synthesized
cathepsin L. The cells were cultured in the presence of 10 mM
NH4Cl to prevent lysosomal accumulation of the enzyme, re-
sulting in secretion of lysosomal proenzymes (20). Immuno-
blotting (second lane, left panel, Fig. 6 A) demonstrated that
these culture conditions resulted in the secretion of 43-kD
procathepsin L, but no 34- or 25-kD form of the enzyme was
detected. Conditioned media produced in this fashion was
concentrated by positive pressure ultrafiltration and used as a
source of proenzyme for uptake experiments. Differentiated
THP- 1 cells were incubated with these concentrated superna-
tants for 24 h. The cells were then lysed and immunoblotting
performed to assess cathepsin L antigen levels. The right half
of Fig. 6 A displays one such experiment. In this experiment,
repeated five times, incubation of the differentiated THP-1
cells in human serum with pro-cathepsin L results in an in-
crease in the amount of 25-kD cathepsin L antigen detectable
by immunoblotting. Several pathways have been described for
the uptake of extracellular lysosomal enzymes which involve
recognition of saccharides that are added during glycosylation
in the Golgi apparatus. In an attempt to define the pathway
involved in the uptake of cathepsin L, the uptake experiments
were performed in the presence of 10 mMmannose-6-phos-
phate, 100 mMmannose, and 12.5 mg/ml fucoidan. The con-
centrations have been demonstrated to block uptake via the
described saccharide recognition pathways (25-29). Fig. 6 B
displays quantitation, as determined by densitometry of im-
munoblots, of the uptake of pro-cathepsin L and processing to
the 25-kD antigen with and without blocking concentrations
of saccharides. This figure demonstrates that the increase in
the 25-kD cathepsin L antigen was not blocked by any of the
saccharides used. Further experiments demonstrated that the
presence of human serum was required for demonstrable up-
take. If the human serum was removed at the time of adding
the W138 supernatant, uptake was not demonstrable by im-
munoblotting (data not shown).

One possible interpretation of these data is that the in-
crease in the 25-kD antigen demonstrable in differentiated
THP- 1 cells in human serum is not the result of uptake and
processing of 43-kD pro-cathepsin L, but rather that some
factor in the W138 supernatant results in increased uptake of

A * 5 B Figure 6. Uptake of procathepsin L by THP-l cells.
AEe,°&" (A) Immunoblot demonstrating distribution of ca-

HS FCS thepsin L antigen.The left lane in the leftpanel
Pro-cL L+ + + shows 25-kD cathepsin L antigen is demonstrable in

_ 1^ cx ahuman serum. The right lane in the left panel dem-
__-97kD-a 11 _i - 3 _ ^/, onstrates the presence of 43-kD procathepsin L, but

no 25-kD antigen, in concentrated supernatants from
- -69 kD -<;: c 72] W138 VA13 fibroblasts. The four lanes in the right
_Ei;:. a ,IAL' panel depict the distribution of cathepsin L antigen

Ilkil.K,1I$-146kO--- / 2 in THP- I cell lysates. Cells were differentiated in the
presence of fetal calf serum (FCS) or human serum

a231 ] Z g g g ~~~~~~~~~~~~~(HS)as noted. The cells in humanserum have de-
o 5! _22monstrable 25-kD cathepsin L, which increases in

Cy>'< >%>oamount after exposure to supernatants containing
=o ~O~p4.33 43-kD pro-cathepsin L (Pro-cL). No such 25-kD anti-

X
X. gen or increase is seen in cells cultured in FCS. (B)

,,W +0v Quantitation of cathepsin L uptake. Relative amount
of 25-kD cathepsin L antigen in THP- I cells cultured

in human serum with or without added pro-cathepsin L (Pro-cL, as noted) as determined by densitometry of immunoblots, demonstrating an
increase in 25-kD cathepsin L antigen in cells exposed to 43-kD procathepsin L for 24 h. This increase was not blocked by 10 mMmannose-6-
phosphate, 100 mMmannose, or 12.5 mg/ml fucoidan (not pictured).
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the 25-kD antigen that is abundant in human serum. To ex-
plore this possibility, we repeated the experiments using
human alveolar macrophages cultured in serum-free condi-
tions. Incubation with concentrated W138 supernatant was
performed for 24 h in DME/0.25 mg/ml BSA. The data, a
representative example of which is illustrated in Fig. 7, demon-
strate that human alveolar macrophages display behavior
identical to that of the THP-l cells cultured in human serum
with respect to uptake of cathepsin L, in that they take up
exogenous cathepsin L and process it to the 34- and 25-kD
forms via a pathway that is not blocked by mannose, man-
nose-6-phosphate, or fucoidan. Densitometry of the immuno-
blots demonstrated uptake comparable to that seen in THP- I
cells in human serum as demonstrated in Fig. 6 B (data not
shown). These data suggest that the increase in intracellular
antigen levels is the result of uptake and processing of the
procathepsin L in the W138 supernatants, rather than an in-
crease in uptake of the cathepsin L antigen in human serum.

The possibility that the accumulation of cathepsin L from
the extracellular space was the result of an increase in fluid
phase pinocytosis, rather than a more selective pathway, was
evaluated by comparing the rates of pinocytosis among THP- I
cells cultured in the two different sera (12). Measurements of
the rate of uptake of Lucifer yellow from 30 min to 4 h demon-
strated no differences among the two culture conditions, sug-
gesting that the increase in uptake of cathepsin L is not merely
the result of an increase in the rate of nonspecific pinocytosis.

An attempt was made to remove cathepsin L antigen from
human serum in order to dissociate the factor(s) responsible
for the induction of the uptake pathway from cathepsin L
antigen and therefore presumably demonstrate the absence of
25-kD cathepsin L on immunoblots of THP- I cells cultured in
cathepsin L-depleted human serum. Unfortunately, the avail-
able quantities of anti-cathepsin L antibody were insufficient
to allow construction of an anti-cathepsin L affinity column.
As outlined earlier, attempts to fractionate serum on the basis
of apparent molecular mass to deplete cathepsin L also failed,
as the antigen is widely distributed throughout the gel filtration
eluant, presumably as the result of protein binding in serum.
Wewere therefore unable to generate cathepsin L-depleted
human serum.

Discussion

This paper presents data addressing the regulation of intracel-
lular levels of a lysosomal cysteine proteinase, cathepsin L.
This acidic protease has broad substrate specificity, including
the ability to degrade elastin. The data presented establish the

Figure 7. Uptake of pro-cathepsin
L (Pro-cL) by human alveolar

+ macrophages. Immunoblot of
cathepsin L antigen in lysates of
human alveolar macrophages cul-
tured in serum-free conditions
(see text) with or without added
pro-cathepsin L (as noted) demon-
strating increased amounts of
cathepsin L antigen in cells ex-
posed to pro-cathepsin L for 24 h.
This increase was not blocked by
1o mMmannose-6-phosphate or

innose 100 mMmannose.

fact that the expression of detectable levels of cathepsin L is the
result of both the differentiation of myelomonocytic cells into
macrophages (Fig. 1) and of the specific culture conditions to
which the macrophages are exposed (Fig. 3).

Differentiation of THP-l cells in the presence of human
serum results in an 85% increase in the size of the vacuolar
compartment, detectable by visual inspection and quantitated
by the uptake of Lucifer yellow (Fig. 2). This increase is ac-
companied by an increase in the amount of detectable intra-
cellular cathepsin L. The data presented in this report establish
that the increase in intracellular cathepsin L results from the
acquisition and accumulation of the enzyme from an extra-
cellular source. The data also demonstrate the PMA-induced
differentiation alone does not result in the expression of ca-
thepsin L uptake (Fig. 6 A), but that the presence of human
serum is required for demonstrable uptake activity. That this is
the result of a factor(s) in human serum, as opposed to being
prevented by an inhibitor in FCS, was confirmed by perform-
ing mixing experiments in which the cells were exposed to
both FCS and human serum. These experiments demon-
strated the same morphologic and antigenic changes as were
seen in cells exposed to human serum alone. It has previously
been reported in HeLa cells that incubation in human serum
results in an increase in the number of visible vacuoles and an
increase in the amount of acid phosphatase detectable cyto-
chemically within the cells (30). Ahearn and colleagues (31)
reported a 129% increase in the number of vacuoles staining
for acid phosphatase in HeLa cells exposed to 100% human
serum, a finding similar to the 85% increase noted in this
report.

Wethen sought to establish at what regulatory site the
factor(s) are operating to produce the observed increase in
cathepsin L levels in cells cultured in human serum. Analysis
of the levels of cathepsin L mRNAdemonstrated equivalent
message levels in the two culture conditions. Further experi-
ments showed no differences in the rates of synthesis of the
43-kD precursor and subsequent processing to the 25-kD ac-
tive form in the two culture conditions. These data lead to the
conclusion that the cells accumulate demonstrable cathepsin L
antigen from an extracellular source.

Uptake of extracellular lysosomal enzymes is a well de-
scribed process in fibroblasts and macrophages. Two principal
pathways have been described, both of which depend on the
recognition of saccharide residues on the glycosylated enzyme.
The first is the mannose-6-phosphate receptor system (32).
This consists of two receptors, one cation dependent and the
other cation independent. One important function of this sys-
tem is to target newly synthesized lysosomal enzyme precur-
sors in the Golgi apparatus to the endosomal compartment. It
has also been demonstrated to have the capability of taking up
extracellular enzyme as well. The second is the mannose/fu-
cose receptor. Originally described in hepatic tissue, this re-
ceptor system has also been demonstrated to be present in
alveolar macrophages (33). As the name implies, this system
recognizes mannose and fucose residues on glycoproteins and
is capable of binding extracellular protein at the cell surface.
Campbell demonstrated that alveolar macrophages were capa-
ble of ingesting a neutral serine proteinase, human neutrophil
elastase, by a receptor-mediated process that also bound lacto-
ferrin and cathepsin Gand later releasing quantities of active
enzyme in response to hypoxic stress (29, 34, 35). This binding
and uptake was blocked by fucoidan.
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The data presented in this article demonstrate uptake of a
lysosomal enzyme by a pathway independent of any of these
described pathways. This was established by demonstrating
uptake still takes place (Figs. 6 B and 7) in the presence of
sufficient concentration of sugars to block binding of glyco-
proteins to the receptors (25-29). The existence of such a
pathway is supported by several lines of circumstantial evi-
dence. The first stems from observations made in patients with
I cell disease. I cell disease is an autosomal recessive disorder
characterized by a defect of phosphorylation of lysosomal en-
zyme precursors. As a result, these precursors are not recog-
nized by the mannose-6-phosphate receptor. In cultured fibro-
blasts from these patients, intracellular lysosomal enzyme
levels are low and the precursors can be demonstrated to be
secreted into the extracellular environment (36). In other tis-
sues, however, lysosomal enzyme levels are relatively normal,
suggesting the existence of additional pathway(s) transporting
precursors to the endosomal or lysosomal compartment (37).
In cells that are deficient in the expression of the mannose-6-
phosphate receptor but are able to phosphorylate proenzymes
appropriately, intracellular lysosomal enzyme levels are nor-
mal, once again suggesting an alternative pathway for lyso-
somal enzyme targeting (38). The uptake of cathepsin L re-
ported here occurs by a mechanism independent of the de-
scribed pathways that depend on carbohydrate recognition,
constituting yet another mechanism by which macrophages
can potentially accumulate lysosomal enzyme(s). Whether or
not this pathway accounts for observations in I cell disease or
mannose-6-phosphate receptor deficient cells remains to be
determined.

The possibility exists that this pathway involves the uptake
of enzyme bound to a carrier protein. The fact that immuno-
blotting of serum subjected to gel filtration chromatography
demonstrates that cathepsin L antigen appears in fractions
ranging from > 75 to - 25 kD suggests that a much of the
cathepsin L antigen is bound to one or more proteins. The data
presented using human alveolar macrophages cultured in
serum-free conditions make uptake via a carrier protein seem
less likely, or at least imply that if a carrier protein is involved,
it is one synthesized and secreted by the macrophages them-
selves or is found in the concentrated supernatants from WI38
fibroblasts.

Previous reports concerning cathepsin L suggest that it
should also be taken up by the mannose-6-phosphate pathway
as well (39). Our use of immunoblotting to demonstrate up-
take may have precluded demonstration of mannose-6-phos-
phate-dependent uptake. As discussed earlier, the lack of sen-
sitivity of the immunoblotting is demonstrated by the fact that
cathepsin L is not seen in immunoblots of THP-l cells cul-
tured in FCS, whereas more sensitive metabolic labeling stud-
ies demonstrate the presence of 25-kD cathepsin L in these
cells. The fact that uptake of extracellular enzyme is demon-
strable by immunoblotting suggests that much more cathepsin
L is taken up by the pathway described here than by the man-
nose or mannose-6-phosphate pathways. This is consistent
with the conclusion that the activity of this pathway is respon-
sible for the accumulation of the majority of intracellular
cathepsin L.

This role of extracellular enzyme uptake in determining
intracellular levels of enzyme appears to be a novel mecha-
nism for the regulation of lysosomal enzyme levels. In their
report examining the induction of lysosomal enzymes in mu-
rine peritoneal macrophages, Morland and Morland (40)

found that it is possible to selectively induce various lysosomal
enzymes but that this induction was blocked by cycloheximide
and concluded that the increase in enzyme levels is the result
of increased synthesis. Odessey (41), in examining lysosomal
enzyme activity after burn injury to skeletal muscle, found
that the increase in cathepsin D, B, H, and L activities was
paralleled by increased glycoprotein synthesis and concluded
that the observed increase was due to new enzyme synthesis.
Livi and colleagues (42) examined the regulation of lysosomal
a-mannosidase- 1 in Dictyostelium discoideum and demon-
strated that intracellular levels of enzyme were closely paral-
leled by the rate of precursor synthesis, which in turn was a
function of a-mannosidase-l mRNAlevels in the cell (42).
The mechanism described in this report is distinctly different
in that markedly different levels of intracellular cathepsin L
are demonstrated under conditions where cathepsin L mRNA
levels are identitical and the rate of precursor synthesis and
subsequent processing to the 25-kD antigen are comparable.

The biologic role of this pathway remains to be defined. It
is possible that the exogenous pathway has a function other
than enzyme accumulation. The other reported pathways in-
volved in the trafficking of lysosomal enzymes have been re-
ported to have additional functions as well (43-49). The im-
portant role that this mechanism has in the determination of
intracellular enzyme levels suggests that the regulation of this
pathway may play an important role in the regulation of lyso-
somal proteolysis by human macrophages.
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