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Loss and Shedding of Surface Markers From the 
Leukemic Myeloid Monocytic Line THP-1 Induced 
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Abstract Previous studies have established that a relationship exists between apoptosis and cell surface (ecto-) 
peptidase activity. Thus dose-dependent increases were found both in ectopeptidase activities and in the proportion of 
cells undergoing apoptosis in HeLa cell monolayers after exposure to UV and other perturbants causing arrest of DNA 
synthesis (indirectly or directly as a result of DNA damage). The nature of the correlation made no distinction as to 
whether an increase in peptidase activity was causal of, or consequential to apoptosis, nor whether the increase was a 
general response by all cells. As a wider approach to understanding the possible role played by ectopeptidases in 
apoptosis, we report the effect on expression of a known ectopeptidase, aminopeptidase N (CD13), by a myelomono- 
cytic cell line induced to undergo apoptosis. Using THP-1 cultures exposed to low concentrations of ethanol, we used 
FACS technology to sort for early apoptotic cells that have an increased ability to sequester the vital dye Hoechst 33342 
while excluding nonvital dyes. Apoptosis was verified by light, fluorescence, and transmission electron microscopy, and 
the presence of DNA fragmentation. These early apoptotic cells showed a significant loss in CD13 labeling. Another 
surface marker, CD33, behaved similarly, whereas CDI 4 was lost globally, and not just by the apoptotic cells. Peptidase 
assays confirmed that an aminopeptidase was shed into the bathing media and that this activity was inhibitable both by 
bestatin and by a CD13 neutralizing monoclonal antibody. In treated cells, there was no evidence for an increase in cell 
surface protease activity directed toward a highly aliphatic nonapeptide substrate used as a model for TGF-a scission 
from i ts  precursor form. However, other cell surface proteases of different specificity are presumably responsible for the 
observed shedding of CDI 3. 
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A constellation of soluble polypeptide prod- 
ucts released by enzymatic hydrolysis from cell 
surfaces has been collated by Ehlers and Riordan 
[1991] and provides a rich source of juxtacrine, 
paracrine/autocrine, and endocrine mechanisms 
for intercellular communication. Activation of 
these mechanisms will most likely be regulated 
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by controlling the function of the hydrolytic 
enzymes involved in releasing the soluble pro- 
teins from their membrane forms such as the 
mature forms of various members of the EGF 
family, CSF-1, TNF-a, and KL, all excised from 
transmembrane precursors by proteolytic cleav- 
age [e.g., Massagu6 and Pandiella, 19931. In 
pursuit of the putative transforming growth 
factor-a-ase (“TGF-a-me”) responsible for the 
release of TGF-a from HeLa cell surfaces follow- 
ing low dose UVC exposure [e.g., Ellem et al., 
1988; Brown et al., 1992, 19931, we found that 
not only candidate cell surface metalloprotein 
endopeptidase activity but also ecto-aminopepti- 
dase (not CD13) activity increased severalfold 
after the UVC exposure. Furthermore, we discov- 
ered a strong correlation between the proportion- 
ate incidence of apoptosis in the exposed cells 
and the magnitude of both amino- and endopep- 
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tidase activity in the intact cultures. This corre- 
lation was seen following treatment with either 
U V C  or a variety of inhibitors of macromolecu- 
lar synthesis such as mitomycin C, actinomycin 
D and cycloheximide [Brown et al., 19941. While 
we are engaged in the process of determining 
whether the surface protease activation of HeLa 
cells is global in distribution or is unique to cells 
following the apoptotic pathway, we sought to 
examine whether such changes in cell surface 
function are generally found in cells of different 
lineage, undergoing apoptosis resulting from dif- 
ferent stressors. 

The human leukemic myelomonocytic cell line 
THP-1 has several surface antigens for which 
standard immuno-probes are available and one 
of which (CD13) has well-characterized amino- 
peptidase-N activity. Like many hematopoietic 
cell types, THP-1 cultures are particularly sus- 
ceptible to the induction of apoptosis, and one of 
us has been studying ethanol as an apoptotic 
agent [Kluck et al., in preparation]. The re- 
ported correlations between malignant mela- 
noma cell invasion and the cell surface expres- 
sion of CD13 [Menrad et al., 1993; Saiki et al., 
19931 became interpretable with the observa- 
tion that anti-CD13 antibodies inhibit invasion 
and metastasis. Although unlikely to digest the 
components of extracellular matrix (ECM) or 
basement membrane by virtue of its N-terminal 
exo-proteolytic activity, CD13 (which is released 
and tightly bound to ECM) [e.g., Menrad et al., 
19931 may trigger a proteolytic cascade thereby 
clearing a pathway for the migratory malignant 
cell. The constitutive presence of CD13 on the 
surface of a naturally migratory cell like THP-1 
may also act to weaken ECM to allow cell pas- 
sage. It therefore becomes of particular interest 
to observe what changes might occur at the 
surface of THP-1 cells undergoing apoptosis. It 
might be thought that CD13 activity would be 
irrelevant to the expected stationary status of a 
cell which had been immobilized by crosslinking 
of its cytoplasmic proteins. Comparison with two 
other markers-CD14 and CD33-was thought 
to be useful in obtaining some idea of the homo- 
or heterogeneity of the response of several differ- 
ent surface proteins during apoptosis. 

Both global and apoptosis specific loss of sur- 
face markers occurred. No evidence of endopep- 
tidase activation for the peptide substrate used 
in previous studies was found. However, since 
CD13 is readily removed from untreated THP-1 
cells by exogenously supplied proteases the ob- 

served shedding of aminopeptidase N (CD13) 
from apoptotic cells into the culture medium, 
implies the activation of a protease at the THP-1 
cell surface as part of the apoptotic program of 
these cells. 

MATERIALS AND METHODS 
Materials 

Unconjugated mouse anti-human CD13 mono- 
clonal antibody (mAb), clone WM15 was a gift 
from Dr. K. Bradstock (Westmead Hospital, 
N.S.W., Australia). FITC-labeled sheep anti- 
mouse (FSAM) was from Silenus (Hawthorn, 
Vic, Australia). Mouse antihuman CD14 (clone 
Mem-18) and CD33 (clone P67.61, both unconju- 
gated, were from Becton-Dickinson (San Jose, 
CA). Hoechst 33342 was from Calbiochem (San 
Diego, CAI. 

Methods 
Cell culture. The leukemic myeloid progeni- 

tor cell line THP-1, obtained from Dr. Toni 
Antalis (Q.I.M.R.), was maintained in RPMI- 
1640 containing antibiotics (Gibco, Grand Is- 
land, NY) supplemented with 10% fetal bovine 
serum (FBS) heat inactivated at 56°C for 30 
min. THP-1 cultures were maintained typically 
at a density greater than 4 x lo5 cells/mL and in 
this way were restricted from activation as as- 
sessed by clumping or attachment to the culture 
flask. THP-1 cultures were routinely assessed to 
be free of Mycoplasma contamination according 
to the protocol of Chen [19771 following cyto- 
spin and fixation of cells to a glass slide. 

Morphological identification and quanti- 
tation of apoptosis. THP-1 cells were pro- 
cessed for light and electron microscopy by fixa- 
tion in 3% glutaraldehyde in 0.1 M sodium 
cacodylate buffer, pH 7.2, for at least 30 min, as 
previously described [Kluck et al., 19931. Fixed 
cells were smeared on coated glass slides, air- 
dried, and stained with hematoxylin and eosin 
(H&E) for analysis of apoptosis or necrosis by 
light microscopy. The percentage of cells that 
were normal, apoptotic, and necrotic was as- 
sessed in random fields and for the most part, a 
total of 200 cells per sample were counted, with 
the operator unaware of the sample identity. 
Apoptosis was identified by markedly condensed 
chromatin, which was either within a single 
nucleus or in multiple nuclear fragments, char- 
acteristic of apoptosis [Kerr et al., 1972; Walker 
et al., 19881. Cells in late apoptosis exhibiting 
eosinophilic cytoplasm were included in the apop- 
tosis counts. Necrotic cells exhibited dispersed 
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chromatin in association with eosinophilic cyto- 
plasm. Fixed cells were further processed for 
transmission electron microscopy (TEM) as pre- 
viously described [Harmon et al., 19901. 

DNA electrophoresis. Analysis of DNA 
cleavage to oligonucleosomal fragments was per- 
formed as previously described [Kluck et al., 
19931, whereby DNA was extracted and under- 
went electrophoresis in 1.7% agarose for 1 h at 
60 V (running buffer 40 mM Tris-acetate, 1 mM 
EDTA, pH 8.0). Cleavage to high-molecular- 
weight fragments was assessed using modifica- 
tions of methods described by Walker et al. 
[1994]. Treated cells (1 x 109 were pelleted to a 
25-pl volume, and 25 p1 of 2% sodium dodecyl 
sulfate (SDS) in ddHzO was added. Using a 
pipette tip amputated to  minimize DNA shear, 
the sample was gently mixed and placed in the 
wells of agarose gels, and the wells sealed with 
1% low melting point agarose. Either conven- 
tional electrophoresis at 40 V for 22 h in 0.8% 
agarose (running buffer 40 mM Tris-acetate, 2 
mM EDTA, pH 8.51, or pulsed field electrophore- 
sis for 22 h in 1% agarose at 200 V (running 
buffer 20 mM Tris-borate, 1 mM EDTA, pH 8.5, 
prechilled to  4 '0 ,  with the ramping rate chang- 
ing from TI = 0.5 s to T2 = 50 s employing the 
BioRad CHEF-DR I1 system, was performed. 

FACS analysis and sorting. Induction of 
apoptosis was attained by the addition of etha- 
nol. THP-1 cells were first removed from a stock 
culture and collected by centrifugation at 200g 
before resuspending by trituration to a density 
of 1 x lo6 cells/ml in fresh media prewarmed to 
37°C and containing ethanol to the desired per- 
centage by volume. Only stock cultures in which 
the vast majority of suspended cells were mono- 
disperse were used. Cells were typically ali- 
quoted into 20-ml capped sterile tubes, sealed 
with parafilm, and incubated in a 37°C warm 
room (the ratio of volume of media to  air was 
typically no less than 5:l). In the event that cells 
were subsequently sorted or analyzed by FACS, 
the parafilm seal was broken 10 min before 
time, and Hoechst 33342 (50 pg/ml stock in 
PBS) added to the culture to  a final concentra- 
tion of 0.5 pgIml. 

In order to  separate THP-1 cell populations 
into subpopulations representing normal, early 
apoptotic and late apoptotic cells, the difference 
in intracellular concentration of Hoechst 33342 
(and thus viable DNA staining), which occurs in 
cells engaged in apoptosis compared with nor- 
mal cells was used [Darzynkewicz et al., 1992; 

Sun et al., 1993; Cohen et al., 1993; Ormerod et 
al., 19931, together with propidium iodide stain- 
ing of nonviable cells to  separate the late apop- 
totic cells from those still in an early apoptotic 
state. 

Prior to sorting, THP-1 cells, treated with 
ethanol or not, and incubated with Hoechst 
33342, were centrifuged (200g, 4°C) and washed 
once with ice-cold phosphate-buffered saline 
(PBS). Cells were then resuspended in ice-cold 
PBS containing either bovine serum albumin 
(BSA) at 4 mg/ml (PBS/BSA) and primary anti- 
body where appropriate (see below), or prop- 
idium iodide at 0.1 pg/ml. In all cases, cells were 
resuspended at approximately 5 x lo6 cells/ml. 

Cells were analyzed and sorted by a FACS- 
Vantage (Becton-Dickinson) employing LYSIS-11 
software. The instrument was configured with 
the primary Krypton laser emitting at 352 nm 
for Hoechst measurements and with a second- 
ary argon-ion laser emitting at 488 nm by which 
forward and side light scatter was determined, 
and emitted red (630 nm, PI) and green (520 
nm, FITC) fluorescence was recorded. Samples 
were analyzed at 4"C, the entire fluid system 
having been precooled and maintained via a 
refrigerated circulating water bath. Cells were 
analyzed and sorted using a discrimination of 
one drop either side of a counted cell. 

Sorted cells (typically 1 x 10'3 were collected 
into 5-ml tubes containing 1 ml of 100% FBS 
(heat inactivated for 1 h at 70°C) and main- 
tained at 4°C. Following collection, cells were 
centrifuged, washed twice with PBS/BSA, and 
suspended in 200 pl of the same solution from 
which aliquots were then removed and to which 
primary mAbs were added for incubation. In all 
labeling experiments, cells were first incubated 
for 30-120 min at 4°C with the primary mAb, 
invariably 10 p1 per 1 x lo6 cells. Cells were 
then washed twice with ice-cold PBSIBSA be- 
fore the addition of a secondary, polyclonal 
FSAM antibody. After 30 min incubation, cells 
were washed twice with ice-cold PBS before final 
suspension in ice-cold PBS containing PI, for 
immediate FACS analysis. 

Peptidase assay and quantitation of pep- 
tide hydrolysis. Peptidase assays were per- 
formed as previously described [Brown et al., 
1992, 19931. Briefly, a nonapeptide synthesized 
to  be cognate with the N-terminal cleavage site 
of mature TGF-a and containing an added 
N-terminal tyrosine to permit radio-iodination 
(H-YVAAAWSH-NH2, denoted P9 herein), was 
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incubated (30 min, 37°C) with 100-200 p1 of 
THP-1 cells washed free of conditioned media 
and ethanol, and then suspended in HBSS at a 
density of 1 x lo6 cells/ml. After the appropri- 
ate incubation time, a 45-pl aliquot of the assay 
solution (supernatant) was removed and imme- 
diately spotted onto a multichanneled TLC plate 
(Whatman, LKGD). Titrations of the inhibition 
of CD13 aminopeptidase activity with bestatin 
and mAb's were performed by pre-incubating 
the inhibitors with the cells at the desired con- 
centration for 5 min prior to the addition of the 
P9 substrate. 

To determine the level of peptidase activity 
secreted or shed by THP-1 cells treated with 
ethanol or not, cells were removed from their 
media, resuspended and washed once in HBSS, 
before final resuspension in HBSS at 2.5 x lo6 
cells/ml. Aliquots (200 p1) were either removed 
immediately and assayed in the presence of P9 
and inhibitors as above, or left as a suspension 
for 30 min at 37°C for shedding to occur. Cells 
were then removed by centrifugation and the 
resulting supernatant assayed with P9 and in- 
hibitors for 30 min. 

Fully loaded TLC plates were developed with 
butanol-acetic acid-water (100: 10:30) (BAW) to 
allow for the separation of P9 from its products. 
The Rfs of all iodinated peptides from Y, YV, 
YVA, . . . , etc. (denoted P1, P2, P3, . . .I were 
determined, to allow the site of the scissile bonds 
to be assessed [Brown et al., 19921. Visualiza- 
tion of the TLC plate was performed by expo- 
sure to a storage phosphorscreen (Kodak) and 
was realized by phosphorimaging (Molecular Dy- 
namics, Sunnyvale, CA). Quantitation and analy- 
sis of results were performed with ImageQuant 
software (Molecular Dynamics, Version 3.15). 

RESULTS 
Apoptosis of THP-1 Cells Following Incubation 

With Ethanol 

Apoptosis develops in THP-1 cells following 
the addition of ethanol at 2-6% (v/v) to the 
culture media for 4 h (Fig. 11, with few cells 
exhibiting necrosis. Higher ethanol concentra- 
tions induce necrosis. This concentration effect 
of ethanol on the type of cell death is seen with 
several cell types [Kluck et al., in preparation]. 

Verification of the Presence of Apoptosis 

As it is important to establish firmly the iden- 
tification of apoptosis, this was done by several 
methods. UV light microscopy of cells stained 
with Hoechst 33342 for sorting by flow cytome- 
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Fig. 1. Effect of increasing ethanol concentration (v/v) on the 
level of apoptosis present in THP-1 cultures following a 4-h 
incubation at 37°C. Morphological assessment of cells as being 
normal (.....), apoptotic (-), and necrotic (-..-I was as de- 
scribed in Methods. Percent cells were determined from ran- 
dom fields and a minimum of 200 H&E-stained cells counted. 
Mean and SD of three experiments. 

try-revealed tell-tale patterns of nuclear chroma- 
tin condensation and margination. This mor- 
phology was also routinely seen in these cells 
after fixation and staining with H&E. 

Of critical importance, TEM of apoptotic 
THP-1 cells displayed the features characteris- 
tic of apoptosis (Fig. 2B) [Kerr et al., 1972; 
Walker et al., 19881. Both the nucleus and the 
cytoplasm were condensed, and both exhibited 
budding. Organelles were intact, clear vacuoles 
were present, and cell surface microvilli were 
decreased. Nucleolar disintegration to two com- 
ponents, clusters of dispersed granules and com- 
pact granular masses, was evident. The most 
characteristic feature, however, was the redistri- 
bution of the heterochromatin to form con- 
densed masses which lay adjacent to the nuclear 
membrane, leaving a uniformly clear but still 
spotty centre of the nucleus. The chromatin is 
not as strongly condensed nor as sharply margin- 
ated as in other cell types undergoing apoptosis; 
this has also been noted in apoptotic mouse 
embryonic cells following serum depletion 
[Tomei et al., 19931, and in apoptotic HeLa cells 
following treatment with actinomycin D [Kerr 
et al., 19951. 

Instead of internucleosomal DNA cleavage pro- 
ducing the ladder patterns frequently associated 
with apoptosis, DNA degradation after 4-h expo- 
sure to < 6% ethanol produced large-molecular- 
weight fragments of broad range, centered at  
30-50 kb pairs and were not seen in untreated 
cultures (Fig. 3A,B). This pattern of DNA degra- 
dation has been shown to precede the inter- 
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Fig. 2. Transmission electron microscopy of apoptosis in THP-1 
cells treated with 3% ethanol for 4 h. A: Normal cells sorted as 
R1 population. x3,OOO.B: Apoptotic cells enriched in R2 sorted 
population exhibit distinct morphological features of apoptosis. 
~ 2 , 5 0 0 .  Apoptotic cells (arrow), nucleolar remnants (arrow- 
head). Bar = 2 bm. 

nucleosomal cleavage seen in most apoptotic 
systems [Oberhammer et al., 1993; Cohen et al., 
19941 and is present in apoptotic cells, even in 
the absence of internucleosomal cleavage (Ober- 
hammer et al., 1994). A similar pattern of high- 
molecular-weight DNA fragmentation can be 
associated with necrosis in some cell systems 
(e.g., with 8% ethanol 4 h, Fig. 3B, lane 51, but 
not in others [Kluck, unpublished], suggesting 
that some biochemical features of apoptosis and 
necrosis may be related. 

Sorting of Apoptotic Cells 

To sort for apoptotic cells, THP-1 cells were 
first assessed by FACS for differential uptake of 
Hoechst 33342 and the exclusion or not of prop- 
idium iodide. FACS of cells treated for 4 h with 

3% ethanol (Fig. 4) revealed three distinct popu- 
lations in a two-dimensional cytogram for 
Hoechst content versus propidium iodide, up- 
take. The R3 population is characterized by an 
inability to exclude propidium iodide and was 
indicative of cells that had lost plasma mem- 
brane integrity. The R1 population was identifi- 
able with normal cells by coincidence of its posi- 
tion with that of untreated paired controls. R2 
represented a novel and distinct population aris- 
ing as a consequence of ethanol treatment. Al- 
though Figure l suggests that treatment with 
4% ethanol for 4 h was optimal for inducing 
apoptosis, we found consistently that such treat- 
ment resulted in too large an R3 population, 
typically > 60% of all gated cells. This was con- 
siderably reduced if the cells were treated alter- 
natively with 3% ethanol for 4 h, which gener- 
ally left the proportion of cells to be found in R2 
unaltered. All attempts to increase the separa- 
tion of the R1 and R2 populations were ineffec- 
tive when variables such as temperature, time of 
incubation and the concentration of Hoechst 
33342, were manipulated. 

R2 Is a Transitional Early Apoptotic Pool 

Morphological assessment of the three sorted 
populations by fluorescence microscopy indi- 
cated that the R1 population did indeed com- 
prise normal cells indistinguishable from un- 
treated cells. The R3 population was wholly 
apoptotic as discerned by Hoechst staining of 
highly pyknotic and marginated nuclei and was 
further characterized as late apoptosis by the 
complete inability of these cells to exclude non- 
vital dyes, as verified by the addition of trypan 
blue. The R2 population also revealed an apop- 
totic population but, unlike R3, most of these 
sorted cells excluded trypan blue (81% L 9%). 
The finding that up to 20% of the cells in the R2 
population subsequently stained with trypan 
blue (but had excluded propidium iodide prior to  
sorting) was attributed to the physical stress of 
collection and to the time taken to collect a 
sizeable number of cells, typically 3-5 h for 1 x 
lo6 cells. Morphological assessment of apoptosis 
in the sorted cells was made following fixation 
and staining with H&E (Table I) and confirmed 
that the R1 sorted population contained predomi- 
nantly normal cells and that the R2 sorted popu- 
lation of cells was predominantly apoptotic. Fur- 
ther confirmation that the FACS-sorted region 
R1 represented “normal” cells and R2 an “early” 
apoptotic pool was provided by electron micros- 
copy of the sorted cells (Fig. 2A,B). 
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Fig. 3. High-molecular-weight DNA fragments confirm apop- 
tosis in ethanol-treated THP-1 cells. Cells were analyzed after 
4-h incubation with a range of ethanol concentrations followed 
by lysis in 1 % SDS and either (A) conventional gel electrophore- 
sis at 40 V for 22 h or (B) CHEF pulsed field gel electrophoresis 
as described in Methods. Conventional gel samples are treated 
with 0, 2,4 ,  5, 6% ethanol (lanes 1-51, A-Hindlll digest (lane 6). 

Having established that R2 represented an 
early apoptotic population, an attempt was made 
to see whether by varying the length of time the 
cells were incubated with ethanol, a larger R2 
population could be obtained, thereby reducing 
the time necessary to sort cells without a con- 
comitant loss in purity. The data of Figure 5, 
taken from FACS analyses, indicated that the 
most favourable time to sort for early apoptotic 
cells was at  -3 h following the addition of 
ethanol. Beyond 4 h, a constant level of apopto- 
sis is apparent for up to 8 h and is presumably 
maintained by a flux of cells from an ever dimin- 
ishing R1 pool, to an increasing R3 subpopula- 
tion. 

Loss of CD13 on Sorted Apoptotic THP-1 Cells 

Ethanol-treated cells (3%, 3 h) sorted and 
collected by FACS at 4°C were incubated at 4°C 
either with an unconjugated mouse mAb raised 
against human CD13 (clone WM15) or with its 
IgG-1 isotyped control, and both were followed 

- 250 
- 150 

- 50 
- 23 
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- 6.5 

Pulsed gel samples are treated with 0,4, 5, 6, 8% ethanol (lanes 
7 4 ) ,  A-Hindlll digest (lane 6), concatamerized A ladder (lane 
7) .  Molecular weights are in kbp units. Images are computer- 
generated negative prints of ethidium bromide-stained gels, the 
negatives being used because of better contrast than in the 
positive prints. 

by an FITC-conjugated sheep anti-mouse Ab 
(Fig. 6). Outstanding was the 69% reduction in 
anti-CD13 fluorescence (P = 0.0001) of the mode 
of the early apoptotic (R2) population. Nonvi- 
able (R3) cells had an even greater modal de- 
crease (92%) of the immunofluorescence signal 
from the normal (Rl) population. Attempts to 
duplicate this result with an alternative mAb 
against human CD13 (clone 3D8) were inconclu- 
sive, as an IgG-2a isotyped control for 3D8 was 
shown to bind nonspecifically and differentially 
between the various sorted populations, increas- 
ing from R1 to R3 (data not presented). 

Anti-CD13 (WM15) Inhibits Most Cellular 
Ecto-aminopeptidase Activity 

Before investigating the possibility that CD13 
was “shed” into the media we first assessed the 
ability of WM15 to inhibit aminopeptidase activ- 
ity of untreated intact control THP-1 cells. Fig- 
ure 7A,B depicts thin-layer chromatograms 
(TLC) of a series of assays of the surface pepti- 
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UNFIXED 

R3 I 

Fig. 4. Bivariate histogram showing the separation of three 
distinct cell populations sorted by flow cytometry. Unfixed cells 
were sorted according to their Hoechst 33342 uptake (y-axis) 
versus propidium iodide (x-axis) as described in Methods. Cells 
were gated on forward and side light scatter so as to exclude 
debris and subcellular particles. 

TABLE I. Morphological Assessmenta of 
FACS-Sorted THP-1 Cell Pondations 

% % % 
Normal Apoptosis Necrosis 

Exp 1 
EtOH total unsorted 79 17 4 
Control R1 sort 98 1 0 
EtOH R1 sortb - - - 
EtOH R2 sort 20 78 3 
EtOH R3 sort 0 98 5 

EtOH R1 sort 95 5 0 
EtOH R2 sort 8 91 1 

Exp 2 

aSorted cells were fixed and stained with H&E and 200 cells 
counted for quantitation. 
bNo cells remained after H&E processing. 

dase activity of intact cells in the presence of 
increasing concentrations of anti-CD13 or be- 
statin. Quantitation for percent substrate hydro- 
lysis (Fig. 7C,D, respectively) was determined 
exclusively from the formation of P1 as product 
and does not take into account the formation of 
other products. Interestingly, WM15 specifically 
inhibited the production of P1, and not P2 or  
P3, whereas bestatin affected the accumulation 
of P2 and P3, as well as the anticipated product, 
P1, at the highest concentration used. 

0 2 4 6 

TIME (h) 

Fig. 5. Time course for ethanol induction of apoptosis as 
determined from FACS analyses. Gates were set for viable, R1 
(H---m), early apoptotic R2 (A----A), and nonviable apoptotic, 
R3 (O---O) cell populations at the indicated times following 
addition of ethanol at 3% to cultures. 

The titration curve of Figure 7C indicates 
that 2 p1 of WM15 per 5 x lo5 cells was suffi- 
cient to  inhibit the available ecto-aminopepti- 
dase activity by 60% at the cell surface, but that 
further additions of mAb had little effect. As a 
comparison, bestatin, known to be a potent in- 
hibitor of aminopeptidase [Suda et al., 19761, 
was shown to inhibit aminopeptidase activity to 
a similar degree (77%) at a concentration of 40 
pg/ml (Fig. 7D). The specificity of WM15 con- 
firms that aminopeptidase N (CD13) was the 
dominant THP-1 surface aminopeptidase activ- 
ity. Titration of THP-1 with an IgG-1 isotyped 
control mAb had no effect on the level of assay- 
able peptidase activity (data not shown). 

Ethanol-Treated THP-1 Cells Shed CD13 
into Media 

The peptidase assays (Fig. 8A) showed de- 
creased cell surface-associated aminopeptidase 
activity (P = 0.024) and a significant (P < 0.005) 
increase in the release of aminopeptidase activ- 
ity (more than twofold in 30-min exposure) into 
the bathing media of ethanol-treated cells, most 
obvious after normalization (Fig. 8B). Quantita- 
tion of P1 product formation revealed that, in 
control samples, as much as 25% (white compo- 
nent of each histogram bar) of the total activity 
(total height of each bar) arose from soluble 
activities and was not cell associated. The shaded 
component of each bar represents the fraction of 
activity remaining after subtracting out that 
component which was directly attributable to  
enzyme released into the HBSS supernatant 
during the course of an intact cell assay. The 
values subtracted are, however, a significant 
overestimation of the time average release of 
activity, as the soluble peptidase component was 
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Fig. 6. Cell surface expression of CD13 as assessed by FACS analysis. Sorted cell populations were labelled with an 
unconjugated mouse anti-CD13 mAb, clone WM15, and conjugated with an FITC-labeled sheep antimouse Ab with 
all steps performed at 4°C. Sorted cells were also labelled with a mouse unconjugated IgC-1 isotype mAb followed by 
FSAM for control reference. The abscissa is in log fluorescence intensity units. The ordinate is in arbitrary units for 
each curve, representing cell numbers in the distribution. 

assessed with a 30-min assay after 30-min expo- found with ethanol treatment (Fig. 8A) is attrib- 
sure of the cells to HBSS. The resulting non- uted to ethanol itself being inhibitory for metal- 
white component of each histogram bar is there- lopeptidases (unpublished results). Both re- 
fore interpreted as representing the activity leased and total aminopeptidase activity were 
associated with the cell. The significant inhibited 50-60% by bestatin (all values 
(P  < 0.02) loss of total activity (18.9% loss) P < 0.001), and specific aminopeptidase N anti- 
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Fig. 7. Titration of cell surface aminopeptidase activity with 
antibody (A) and bestatin (B). The lanes from left to right 
correspond to the data points (from L to R) in C and D, 
respectively. THP-1 cells in HBSS were assayed for aminopepti- 
dase activity by the generation of free iodinated tyrosine (PI ) in 
the presence of increasing concentrations of the anti-CD13 
mAb WM15 (A) and the aminopeptidase inhibitor bestatin (B) 
as revealed by TLC. The substrate P9 and the contaminant P8* 
are seen to be converted predominantly to P I  and to a lesser 
extent P2 and P3 (see Methods). Quantitation of activity was 
determined from duplicates of separate assays (four determina- 
tions, two each of the same TLC) for each of the two inhibitors 
respectively (Panel C and D). Note that the x-axes for both C 
and D are logarithmic and range from 0.02 to 10 pI and 1 to 38 
pg/ml for both, respectively. 

body (wM15) inhibited this activity in both 
groups from 24% to 40% (P = 0.01-P < 0.001). 

Some THP-1 Cell Surface Markers Behaved 
Differently 

For comparison with the CD13 data, we have 
explored the fate of two other THP-1 surface 
markers. Control and ethanol-treated cultures, 
following incubation with Hoechst 33342, were 
washed free of media with ice-cold PBS/BSA 
and incubated at 4°C on ice for 60 min with 
mAbs raised against human CD13, CD14 or 
CD33 and then with FITC-labeled antimouse 
IgG. FACS analysis of the various labelled cells 
are presented in Figure 9. Where the data are 
strictly gated on a combined R1 and R2 pool, 
this is designated R4 for easier comparison with 
the IgGl mAb control of untreated cells and the 
treated cells incubated with specific mAbs (anti 
CD 13-WM15, ant  i-CD 14-MEM- 18 and anti- 
CD33-Leu-Mg). 

A 

30 

20 

10 

0 

Fig. 8. Release of peptidase activity to the supernatant of 
THP-1 cells after ethanol treatment. The white rectangle at the 
top of each histogram bar represents the aminopeptidase activ- 
ity shed by the indicated experimental group of cells (all at 
2.5 x l o 6  cellsiml) during 30-min incubation in HBSS at 37T, 
prior to peptidase assay of the supernatant. The solid black bars 
indicate the cell surface aminopeptidase activity of control cells 
and the shaded bars that of an equal number of cells exposed to 
ethanol (3% for 3 hr) prior to assay for total or shed enzyme. A: 
Data for the percentage hydrolysis of P, to PI (aminopeptidase 
activity) in the absence (untreated) or presence of bestatin (10 
pgiml) or WMI  5 (2 pl). B: Data from A have been normalized 
to a total activity of 100% for each group to compare the ratios 
of shed tocell-associated aminopeptidase activity in each experi- 
mental group (thus eliminating the confusing effect of ethanol 
inhibition of aminopeptidase). Rather than increase the complex- 
ity of the figure with multiple error bars, the significance of 
relevant differences (by t-test) between the results embodied in 
the histograms is quoted in the text where this figure is discussed. 

Anti-CD13 results (Fig. 9, CD13, left), consis- 
tent with the data of Figure 6, showed that a 
majority of the ethanol treated population ex- 
pressed CD13 at the same level as untreated 
cultures,I but that a subpopulation had a much 
lower anti-CD13 labeling, forming a shoulder on 
the left side of the ethanol treated cell distribu- 

'Examination of Figure 9, CD13 right panel reveals that 
those cells treated with ethanol and gated on R1 alone 
exhibit a small  shoulder to the  left and that those gated on 
R2 have a bimodal distribution, one peak with fluorescence 
intensity approximately 30% of the  control mode, while the 
other was coincident with untreated cells. This suggests a 
degree of overlap between the two population. 
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tion curve. This CD13-deficient population 
stained brightly with H33342 and was thus made 
up of early apoptotic cells (R2). CD13 is thus 
preferentially lost from early and late apoptotic 
cells. Anti-CD33 data (Fig. 9, CD33) yielded 
curves similar to those of CD13 indicating that 
this surface marker is also lost only during the 
process of apoptosis but, unlike CD13, Hoechst 
staining fully discriminated between high and 
low CD33-staining populations (Fig. 9, CD33, 
right). 

The data from anti-CD14 studies (Fig. 9, 
CD14, left), however, were different. The etha- 
nol-treated cell population was unimodal and 
showed on R1, R2, and R3 analysis that the 
population of cells lost stainable CD14 from 
their surfaces equally (Fig. 9, CD14, right) and 
thus represented a global effect of ethanol on 
THP-1 cultures and was not an effect unique to 
the apoptotic subpopulation. 

DISCUSSION 

In order to investigate changes in cell surface 
peptidase activity during apoptosis, we em- 
ployed the THP-1 myelomonocytic cell line, 
which is known to express an ecto-aminopepti- 
dase for which a specific mAb is available. This 
was prompted by our previous finding that cell 
surface peptidase activities of HeLa cultures 
increases following a variety of insults which 
cause inhibition of macromolecular synthesis 
and which was accompanied by dose-dependent 
occurrence of apoptosis [Brown et al., 19941. 
Those studies revealed that a significant con- 
tributor to the observed increase in peptidase 
activity was that with aminopeptidase specific- 
ity. The degree of increase in ecto-aminopepti- 
dase activity correlated with the proportion of 
cells in the culture found to be apoptotic but 
that remained impermeable to  nonvital dyes. 
Studies had also suggested that the aminopepti- 
dase activity of interest was most likely that of a 
metallopeptidase for which aminopeptidase-N 
(CD13) was a potential candidate. Monoclonal 
antibodies to this particular surface marker indi- 
cated the absence of any significant immunola- 
beling of HeLa cultures for CD13, so we pursued 
CD13 expression in the leukaemic myelomono- 
cyte cell line THP-1, known to be strongly posi- 
tive for it. 

The present studies have shown that apopto- 
sis was readily induced in THP-1 cultures by 
treatment with ethanol at 2-6% (v/v), as has 
been previously observed in HL60 cells treated 

with 6% (v/v) ethanol [Lennon et al., 19911 and 
generally at lower concentrations in other hema- 
topoietic cell lines [Kluck et al., in preparation]. 
By employing flow cytometry [Sun et al., 1992; 
Cohen et al., 1993; Ormerod et al., 19931, we 
were able to resolve three populations of cells 
based on the differential retention of the DNA 
binding dye Hoechst 33342 and the ability to  
exclude the nonvital dye propidium iodide. The 
R1 population of low Hoechst 33342 and PI 
staining represented normal cells, while the R2 
population with high Hoechst and low PI stain- 
ing were in early apoptosis and the R3 popula- 
tion with high staining with both dyes were late, 
nonviable apoptotic cells. These assignments 
were confirmed by morphological examination 
of the sorted cell populations. The sorting of 
normal cells (Rl) from that of early (R2) or late 
(R3) apoptosis thus enabled the direct analysis 
of specific surface markers associated with each 

Contrary to our initial expectations (based on 
our experience with HeLa cells) of an increase in 
the level of CD13 expression by apoptotic THP-1 
cells compared with the normal, a significant 
loss in the expression of surface resident CD13 
was observed. This suggests that the expression 
of aminopeptidase N by THP-1 cells undergoing 
apoptosis in response to ethanol treatment is 
depleted and not elevated. Our results further 
suggest that the mode of CD13 loss was via 
shedding from the cell surface possibly by the 
activation of other proteases resident at the cell 
surface or other enzymes capable of releasing 
cell membrane anchored proteins [e.g., Ehlers 
and Riordan, 19911. CD13 is cleaved at a site 
near the outer membrane surface by exogenous 
papain, for example, with no loss of enzyme 
activity [Louvard et al., 19751. Recently, Drans- 
field et al. 119941 showed that apoptotic neutro- 
phils lose the surface expression of CD16, which 
can be reproduced by exogenous serine protease 
(elastase) activity, even though the shedding of 
CD16 as a consequence of neutrophil and natu- 
ral killer (NK) cell activation is thought to occur 
as a result of metalloprotease activity [Baiil and 
Strominger, 1994; Harrison et al., 19911. Our 
own studies have intimated that the shedding of 
TGFa from cell lines of epithelial origin in re- 
sponse to genotoxic challenge correlates with 
increases in cell surface endopeptidase activity 
[Brown et al., 19931 and with dose-dependent 
incidence of apoptosis [Brown et al., 19941. Like 
CD16 [Dransfield et al., 19941, the release of 

pool. 
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TGF-a from the cell surface can be effected by 
exogenous elastase (serine protease) activity 
[Ignotz et al., 1986; Mueller et al., 1990; Pan- 
diella et al., 1992; Capelluti et al., 1993; Harano 
and Mizuno, 19941, but we have preliminary 
evidence that the UV-inducible “TGF-aase” is a 
metalloprotease. Choudry and Kenny [19911 
have also detected an ecto-metalloprotease, from 
the rat, capable of cleaving TGF-a from its pre- 
cursor. 

It has been suggested that cell death by apop- 
tosis has evolved as a minimally perturbing exi- 
tus for unwanted cells, to avoid an unnecessary 
inflammatory response [e.g., Wyllie, 19931. Ex- 
plosion of an apoptotic cell into membrane 
wrapped apoptotic bodies is swiftly followed by 
phagocytosis of these bodies by adjacent rnacro- 
phages or other viable cells. The nature of the 
change in the membrane surrounding the apop- 
totic bodies which provokes their rapid uptake 
by adjacent cells is at present unclear but is of 
intense interest [e.g., Savill et al., 1993; Rotello 
et al., 19941. Duvall et al. [19851 showed that 
binding of apoptotic thymocytes to isologous 
peritoneal macrophages appears to be mediated 
by lectin-like molecules on the surface of the 
apoptotic cells. Fadok et al. [1992a] found that 
phosphatidylserine was exposed at the surface 
of apoptotic lymphocytes and appeared neces- 
sary for their ingestion by macrophages via re- 
ceptors that differ according to the origin of the 
phagocytic cell [Fadok et al., 1992b1. Differential 
changes in apoptotic cell membranes, dependent 
on the cell lineage, microenvironment, and 
events triggering apoptosis, are likely but are 
currently unknown. The present work shows 
that THP-1 cells, of myeloid lineage, lose at least 
three surface antigens when exposed to the apop- 
totic stimulus of ethanol at 3% for 3-4 h. Only 
one of the surface proteins-CD14-was lost 
globally from all cells in the exposed cultures. 
The other two surface markers-CD13 and 

Fig. 9. Effect of ethanol treatment on the expression of other 
surface markers. THP-1 cells treated with or without 3% ethanol 
for 4 h were immunolabeled at 4°C for the indicated CD 
antigens following incubation in Hoechst 33342 for 10 min at 
37°C. The distribution of cells according to the magnitude of the 
indicated antibody fluorescence (abscissa) is shown for the 
total viable cell population (R, + R2 =: F&) (left column) or for 
the normal (R,) and early apoptotic (R2) subpopulations sepa- 
rately (right column). All panels contain F& control stain using 
the nonspecific monoclonal antibody isotype IgC-1 to gauge 
the specific immunofluorescence. 

CD33-were lost only by the subpopulation of 
cells engaged in apoptosis. The loss of cell- 
associated aminopeptidase activity of CD13 was 
shown to be due to surface shedding into the 
culture medium. 

By contrast, an ecto-aminopeptidase (not 
CD13) on HeLa cells increased immediately to  
rise to a maximum, at 16 h, some two- to  fivefold 
greater than the constitutive level of activity. 
This was followed, after a 6-h lag, by a similar 
increase in endopeptidase activities of an elas- 
tase type, which maximized 22-24 h after the 
UVC [Brown et al., 19931. Since following UVC 
treatment, there was a strong correlation be- 
tween the proportion of cells induced to undergo 
apoptosis and the magnitude of increase in ecto- 
proteolytic activity, the relationship between the 
two phenomena needs clarification-whether 
causal or casual. We are in the process of deter- 
mining whether these ecto-peptidase activity in- 
creases in HeLa cells are global or unique to 
apoptotic cells. We are also exploring the mecha- 
nisms whereby these increases occur, presently 
known to be of a post-translational nature 
[Chenevix-Trench et al., 19921. The purposes of 
the HeLa ecto-endopeptidase increases follow- 
ing W C  may be the release of membrane bound 
growth factors (e.g., TGF-a) as originally pro- 
posed [Ellem et d., 19881. The increase in ecto- 
aminopeptidase activity may relate to  cell gear- 
ing for repairldivision activity, such as increase 
of amino acid availability by increasing the prod- 
ucts of N-terminal peptide digestion [Kenny et 
al., 19891 and also possibly by enhancing amino- 
acid transport [Plakidou-Dymock et al., 19931. 
It is equally possible that the increase in ectopep- 
tidase activity results from the redistribution of 
an intracellular pool, and is a component of the 
apoptotic pathway that allows for the shedding 
of surface proteins, of which TGF-a is an ex- 
ample. 

While it has been difficult to rationalize the 
role of aminopeptidase N in hematopoietic cells, 
the recent observation that this enzyme, when 
shed from malignant cells is tightly bound to 
extracellular matrix and results in its dissolu- 
tion [Menrad et al., 1993; Saiki et al., 19931 is 
perhaps relevant. Thus it is possible that, in the 
in vivo situation, myelomonocytic cells, rigidi- 
fied and immobilised by the cross-linking of 
cytoplasmic proteins as they undergo apoptosis, 
release their surface aminopeptidase N (CD 13) 
with the resultant digestion of a pocket in the 
extracellular matrix in which it is embedded, 
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thereby increasing the immediate access of sur- 
rounding viable cells to ingest the apoptotic 
“shrapnel. ” 
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