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SUMMARY

We have previously shown an increased susceptibility of T cell subsets to anti-Fas-induced apoptosis in
human ageing [1]. In this study, we have examined the role of downstream mediators, including
caspases, in Fas-mediated apoptosis in lymphocytes from ageing humans. The cleavage activity of
caspase-8 and caspase-3 was compared between ageing and young subjects at different times following
anti-Fas treatment, using colorimetric detection analysis. The expression of Fas-associated death
domain (FADD), caspase-8, and caspase-3 in lymphocytes was compared at the protein level using
Western blotting, and at the mRNA level by Northern blot analysis. In lymphocytes from ageing
subjects, there was an early increase in the cleavage activity of caspase-8 and caspase-3 compared with
young controls. Furthermore, increased protein expression of FADD, caspase-8 and caspase-3 at the
basal level was observed in lymphocytes from ageing humans. Our results suggest that the altered
expression and activity of molecules in the Fas/FasL signalling pathway may play a role in increased
Fas-induced apoptosis and T cell deficiency in ageing humans.
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INTRODUCTION

Apoptosis plays an important role in cellular homeostasis. In the
immune system, especially in lymphocytes, apoptosis plays an
important role in maintaining the T cell repertoire and in deleting
autoreactive lymphocytes, thus regulating the immune response
[2–4]. Cross-linking of surface monomeric Fas molecules by Fas
ligand or agonistic anti-Fas antibody activates the apoptotic death
programmein vitro and in vivo [5,6]. Mutational analyses have
shown that a 70aa cytoplasmic death domain plays a role in
signalling through this receptor [7,8]. Upon cross-linking of Fas
antigen, Fas-associated death domain (FADD/MORT1), a death
domain-containing protein, is recruited to the cell membrane.
FADD/MORT1 then recruits caspase-8 (FLICE/MACH/Mch5) to
the death-inducing signalling complex (DISC), which subse-
quently leads to activation of a downstream protease cascade.
The identities of all the caspases involved in Fas-induced apoptosis
are still unknown; however, caspase-3 (CPP32/Yama/apopain) has
been shown to play an important role [9,10]. Activation of caspase-3
leads to cleavage of self and its nuclear substrates, including poly
(ADP-ribose) polymerase (PARP) [11–13], resulting in sequential
degradation of cell assembly.

Ageing is characterized by a progressive decline in immune

functions (reviewed in [14–16]). Recently, we [1] and others [17–19]
have shown increased T cell apoptosis in ageing humans. This
increase is associated with up-regulation of Fas and Fas ligand
(FasL) expression and increased susceptibility to Fas-mediated
apoptosis [1]. However, downstream signalling in the anti-Fas-
induced pathway in ageing subjects has not been explored. There-
fore, in the present study we have analysed the expression and
activity of FADD and caspases (caspase-8 and caspase-3) in
lymphocytes from ageing humans following anti-Fas treatment,
and compared them with lymphocytes from young controls. To the
best of our knowledge, this is the first report of caspase activation
in human ageing.

Our data show that there are increased constitutive levels of
FADD, caspase-8, and caspase-3 in lymphocytes from ageing,
compared with young subjects. Furthermore, following anti-Fas
antibody treatment, there is an early activation of caspase-8 and
caspase-3 in the lymphocytes from ageing subjects, compared with
that observed in the young controls.

SUBJECTS AND METHODS

Subjects
Peripheral blood was obtained from healthy young (18–22 years
old) and ageing volunteers (65–92 years old) following written
consent. The study protocol was approved by the Institutional
Review Board of the University of California, (Irvine, CA).
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Antibodies
MoAbs against FADD, caspase-3 and horseradish peroxidase
(HRP)-conjugated mouse IgG were purchased from Transduction
Laboratories (Lexington, KY). FADD antibody was raised in the
mouse against a 24-kD protein fragment corresponding to the death
domain of FADD. It is an IgG1 isotype, clone 1, and is specific for
human, dog, and mouse FADD protein. Caspase-3 antibody was
raised in the mouse against a 24·7-kD protein fragment correspond-
ing to amino acids 1–219 of human CPP32. It is an IgG2a isotype,
clone 19, and is specific for human and chick caspase-3 protein.
Polyclonal antibody against caspase-8 (Mch5) and HRP-conjugated
goat antibody were purchased from Santa Cruz Technology (Palo
Alto, CA). Anti-caspase-8 antibody was raised in goat against a
peptide corresponding to amino acids 354–373 (carboxy terminus
of human caspase-8) and is reactive to caspase-8 of human origin
by Western blotting and immunohistochemistry. MoAb against
PARP (clone C2-10) was obtained from PARP Laboratories
(Quebec, Canada). Anti-Fas MoAb was purchased from Upstate
Biotechnology Inc. (Lake Placid, NY). It was raised in the mouse
using human diploid fibroblast cell line (FS-7) as an immunogen. It
is an IgM isotype, clone CH-11, and specifically recognizes Fas
expressed in various cell lines. It does not cross-react with either
tumour necrosis factor (TNF) or mouse Fas.

Probes
Plasmids pcDNA/FADD U1, pcDNA/Yama and pcDNA/FLICE
were a gift from Dr V. Dixit (Ann Arbor, MI), now at Genentech
(South San Francisco, CA). Plasmids were grown inEscherichia
coli HB101 and plasmid DNA was purified on tip 100 Qiagen
columns (Qiagen, Chatsworth, CA). Purified DNA preparations
were digested with (i) Kpn/BamH1 to give approx. 700-bp FADD
insert, (ii) Kpn/BamH1 to give approx. 1·5-kb FLICE (caspase-8)
insert, and (iii) EcoRI/XbaI to give approx. 850-bp Yama (caspase-3)
insert.

Cell culture
Mononuclear cells (MNC) were separated from freshly isolated
peripheral blood using Ficoll–Hypaque gradient. Cells were> 95%
lymphocytes and<5% monocytes. Cells (2×106 cells/ml) were
activated with anti-CD3 MoAb (25 ng/ml) for 48 h. Following
activation, the cells were washed and incubated in the presence
of recombinant IL-2 (10 ng/ml) for a duration of another 4 days.
The cells were washed, and viable cells were counted by trypan
blue dye exclusion. Ten million viable cells (1×106cells/ml) were
treated with anti-Fas MoAb (1mg) or its isotype-matched control
IgM antibody (1mg) for different time periods.

FADD expression
FADD expression was determined at the protein level using
Western blotting (described below) and at the mRNA level using
Northern blotting (described below).

Caspase activity
Cell extracts were prepared from the previously activated lympho-
cytes (as described in Cell culture) treated with anti-Fas MoAb for
0, 4, 8 and 16 h.

Caspase-8 activity was determined using FLICE/Caspase-8
colorimetric assay kit (BioVision Research Products, Palo Alto,
CA). The cleavage of synthetic caspase-8 substrate IETD-pNA
was detected spectrophotometrically by the formation of pNA.

Caspase-3 activity was determined using the following criteria:

(i) its ability to cleave self; (ii) its ability to cleave its nuclear
substrate PARP; and (iii) its ability to cleave a synthetic peptide
substrate DEVD-pNA. The cleavage of caspase-3 and PARP was
monitored by the appearance of their cleaved forms (p20 and p10
for caspase-3 and p85 for PARP, respectively), using Western
blotting. The cleavage activity of DEVD-pNA was determined
colorimetrically by the formation of cleaved substrate (pNA) using
ApoAlert Assay kit (Clontech, Palo Alto, CA).

Western blotting
Cellular extracts from lymphocytes were prepared by lysing the
cells in a buffer containing 142·5 mM KCl, 5 mM MgCl2, 10 mM

HEPES pH 7·2, 1 mM EGTA, 0·2% NP40, 0·2 mM phenylmethyl-
sulfonyl fluoride, 0·2 trypsin inhibitory units/ml aproteinin, 0·7mg/ml
pepstatin, and 1mg/ml leupeptin. Cells were homogenized and
centrifuged at 1000 rev/min for 8 min to precipitate cell debris. The
supernatants were centrifuged at 30 000g for 45 min to precipitate
membrane fractions. The protein was estimated and equal amounts
of protein were loaded in each lane. Cell lysates containing 25mg
protein were loaded onto 4–20% SDS–PAGE gels and electro-
phoresed. The proteins were transferred to nitrocellulose mem-
brane for 4 h/overnight in cold. The blots were blocked with PBS
containing 3% non-fat dry milk and 0·1% Tween-20 (PBS–M–T)
for 1 h at 378C. The membranes were incubated with the primary
antibody diluted in PBS–M–T overnight at 48C and washed three
times with PBS–M–T. The blots were then incubated with HRP-
conjugated secondary antibody for 30 min at 378C and washed with
PBS–M–T. After several washes the blots were developed using
enhanced chemiluminescence detection method (Amersham Inc.,
Arlington Heights, IL). The blots were scanned using ImageQuant
Software (Molecular Devices, Sunnyvale, CA) and data expressed
in optical density (OD).

Colorimetric assay
Caspase-8 and caspase-3 activities were quantified by spectro-
photometric detection of chromophore (pNA) following its cleavage
from labelled substrates IETD-pNA and DEVD-pNA, respec-
tively. Lymphocytes were cultured as described before and cells
were treated with anti-Fas antibody (1mg/ml) or its isotype-
matched control for different time periods. Following incubation,
the cells were lysed and incubated as follows: (i) caspase-8
substrate IETD-pNA; (ii) CPP32 substrate DEVD-pNA; and (iii)
CPP32 substrate in the presence of specific peptide inhibitor
(DEVD-CHO) for 1 h according to the instructions provided by
the manufacturers (the inhibitor for caspase-8 substrate was not
available). All reactions were performed in triplicate. The samples
were read by spectrophotometer at 405 nm. The results are
expressed as relative caspase activity [20], which is the ratio
between the caspase activity of the sample and that measured in
control (without treatment). In the case of caspase-3 activity,
background remaining after inhibition by DEVD-CHO was sub-
tracted from all the samples.

Northern blotting
Expression at mRNA level was determined using Northern blot
analysis. The amount of RNA was determined using spectro-
photometer and equal amounts of RNA were loaded in each
lane. Total cellular RNA (20mg) was separated by electrophoresis
in a denaturing agarose gel containing 6·5% formaldehyde, trans-
ferred onto a charged nylon membrane (Schleicher & Schuell Inc.,
Keene, NH) by capillary blotting in 20× sodium chloride and
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sodium citrate buffer (SSC) for 20 h, and cross-linked to the
membrane by UV irradiation. The blots were prehybridized at
428C for 6 h in a solution of 5×SSC, 5× Denhart’s solution (0·5 g
Ficoll, 0·5 g polyvinylpyrrolidone, 0·5 g bovine serum albumin
(BSA)), 50 mM EDTA, 10mg/ml poly(A), 100mg/ml yeast RNA
and 200mg/ml heat-denatured salmon sperm DNA. Hybridizations
were done for 20 h at 428C in the same solution containing 10%
dextran sulfate anda-32P-labelled probe (2×106 ct/min per ml),
labelled using a random priming DNA labelling kit (Amersham).
The blots were washed under stringent conditions at 0·2×SSC/
0·1% SDS at 658C for 1 h, and exposed to X-OMAT AR film
(Eastman Kodak, Rochester, NY) at¹808C for 16 h with an
intensifying screen before development. The blots were scanned
using ImageQuant Software (Molecular Devices) and data expressed
in OD.

TUNEL assay
The DNA fragmentation was determined using TUNEL assay
(terminal deoxynucleotidyl transferase-mediated dUTP nick end
labelling). Cells were harvested and washed with Dulbecco’s
phosphate buffered saline (DPBS) and the assay was carried out
as described before [1]. Briefly, cells (1×106cells/ml) were fixed
in 4% paraformaldehyde for 30 min at room temperature followed
by permeabilization with sodium citrate buffer containing 1%
Triton X-100 for 2 min on ice. After washing, cells were incubated
with FITC-labelled dUTP in the presence of terminal deoxy-
nucleotidyl transferase enzyme solution for 1 h at 378C using cell
death detection kit (Boehringer Mannheim Corp., Indianapolis,
IN). Five thousand cells were acquired and analysed using FACS-
can and Consort 30 software (Becton Dickinson, San Jose, CA).

RESULTS

FADD expression
Following lymphocyte treatment with an anti-Fas antibody, the Fas
receptor is cross-linked resulting in the recruitment, to Fas, of a
protein with a death domain, FADD, which in turn, associates with
downstream members of the caspase family through its interaction
with the death-effector domain (DED). Therefore, we first examined
if there were any differences in constitutive FADD expression in
lymphocytes from ageing and young humans. Expression at the
protein level was measured by Western blotting using samples
from six ageing and six young subjects. The expression at the
mRNA level was measured using Northern blot analysis on
samples from two ageing and two young subjects. One ageing
and one young subject were analysed simultaneously. Blots were
scanned and data represented as OD. The OD values were normal-
ized for background variation and gel to gel variations. Comparing
data, there was found to be increased basal expression (P<0·001)
of FADD protein in ageing (OD mean6 s.d. 4·96 0·5) compared
with young controls (OD 1·86 0·6). Figure 1a shows a represen-
tative Western blot from two ageing and two young subjects. In
contrast, theFADD mRNA expression was comparable (P>0·5)
between ageing and young subjects (Fig. 1b) (ageing: OD
6·86 1·4; young: OD 5·76 1·7). No further changes in the
expression of FADD were observed following treatment with
anti-CD3 or anti-Fas antibody in either young or ageing subjects
(data not shown).

Caspase-8 activity and expression
Caspase-8 is the most proximal member of the caspase family to be

recruited to the cytoplasmic domain of the Fas receptor following
its trimerization. Over-expression of caspase-8 is shown to induce
apoptosis [21]. Therefore, we compared the activity and expression
of caspase-8 in lymphocytes from ageing and young subjects. The
activity of caspase-8 was assayed by the cleavage of a synthetic
peptide substrate IETD-pNA into pNA, which was measured
spectrophotometrically. The increase in caspase-8 activity at 4,
8, and 16 h following anti-Fas treatment was 2·5-, 2·9- and 5·7-fold
in ageing subjects compared with 1·1-, 1·5- and three-fold in the
young controls (Fig. 2).

Next, we compared the constitutive expression of caspase-8 in
lymphocytes from six ageing and six young subjects. An increase
(P<0·001) in caspase-8 expression was observed in lymphocytes
from ageing (OD 4·96 0·2) compared with young (OD 1·16 0·1)
subjects. One ageing and one young subject were analysed simul-
taneously. A representative gel photograph from three ageing and
three young subjects is shown in Fig. 3a. At the mRNA level, there
was an increase (P<0·05) in caspase-8 expression in two ageing
subjects (OD 10·26 0·5) compared with the young controls (OD
4·16 1·0). A representative gel photograph from one ageing and
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Fig. 1. (a) Fas-associated death domain (FADD) protein expression.
Increased FADD expression at basal levels in lymphocytes from ageing
compared with young subjects as detected by Western blotting. Represen-
tative gels from two subjects in each group are shown. A, Ageing; Y,
young. (b) FADD mRNA expression. ComparableFADD mRNA expres-
sion at basal levels in lymphocytes from ageing and young subjects as
detected by Northern blotting. Blots from two ageing and two young
subjects are shown.
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Fig. 2. Caspase-8 activity. Increased caspase-8 activity is seen in samples
from ageing humans at 0, 4, 8 and 16 h following anti-Fas treatment. Mean
(6 s.d.) data from 10 ageing (B) and 10 young subjects (A) are shown.



one young subject is shown in Fig. 3b. No further change in
caspase-8 expression was observed following treatment with anti-
CD3 or anti-Fas antibody in either the ageing or young group (data
not shown).

Caspase-3 activity and expression
Next, we compared the expression and activity of caspase-3. The
specific substrates for caspase-3 are known; therefore, caspase-3
activity was analysed using the following criteria: (i) cleavage of
caspase-3; (ii) cleavage of a specific nuclear substrate, PARP; and
(iii) cleavage of a synthetic peptide substrate, DEVD-pNA. In
lymphocytes from ageing subjects, caspase-3 cleavage fragments
(p20 and p10) were detected within 4 h of anti-Fas antibody
treatment, whereas in the young the cleaved forms of caspase-3
were detected only after 16 h of anti-Fas antibody treatment
(Fig. 4).

Next, we compared the cleavage of PARP, a nuclear substrate
of caspase-3, in lymphocytes from ageing and young humans
following anti-Fas antibody treatment. In ageing subjects, the

appearance of a signature 85-kD fragment was seen within 4 h of
anti-Fas antibody treatment. However, in young subjects the
cleavage of the 116-kD pro-form was not seen until 16 h of anti-
Fas treatment (Fig. 5). The treatment of lymphocytes with isotype-
matched IgM did not show any cleavage in either the ageing or
young group (data not shown).

The activity of caspase-3 was also assayed by the cleavage of a
synthetic peptide substrate, DEVD-pNA, and analysed using a
colorometric detection method. The caspase-3 activity was deter-
mined on samples from 10 ageing and 10 young subjects, analysed
simultaneously. The results are shown as relative caspase activity
(described above). In samples from ageing subjects, the increase in
caspase-3 activity following anti-Fas treatment at 4, 8 and 16 h was
6·7-, 8·7- and 17·3-fold, respectively, whereas in young subjects
the increase was two-, three- and 12-fold (Fig. 6).

Finally, we compared the constitutive expression of caspase-3
in lymphocytes from ageing and young subjects. Caspase-3 protein
expression was measured in lymphocytes from six ageing and six
young subjects. There was increased (P<0·05) protein expression
from ageing (OD 5·96 1·0) compared with young (OD 2·16 0·6)
subjects. A representative gel photograph from three ageing and
three young subjects is shown in Fig. 7a. No further increase in
caspase-3 expression was observed following treatment with anti-
CD3 or anti-Fas antibody in either the ageing or young group (data
not shown). Caspase-3 mRNA levels were measured in three
ageing and three young subjects. At the mRNA level, there was
an increase (P< 0·002) in caspase-3 expression in ageing (OD
4·26 0·4) compared with young (OD 1·46 0·5) subjects. A gel
photograph for caspase-3 mRNA expression is shown in Fig. 7b.

DNA fragmentation
Next, we compared the DNA fragmentation of lymphocytes at
different time periods following anti-Fas antibody treatment of
MNC from three ageing and three young subjects using TUNEL
assay. A significantly increased (P<0·001) proportion of
TUNELþ cells was observed in ageing subjects (% TUNELþ
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Fig. 3. (a) Caspase-8 protein expression. Increased caspase-8 expression at
basal levels in lymphocytes from ageing compared with young controls as
detected by Western blotting. Representative gels from three subjects in
each group are shown. (b) Caspase-8 mRNA expression. Increased caspase-8
mRNA expression at basal levels in lymphocytes from the ageing as
compared to the young as detected by Northern blotting. A representative
gel from one ageing and one young subject is shown.

Fig. 4.Cleavage of caspase-3. Activated lymphocytes (as described in Cell
culture section) from young and ageing subjects were treated with anti-Fas
antibody for 0, 4, 8 or 16 h. Following incubation, the proteins were
extracted and caspase-3 cleavage examined using Western blotting. Repre-
sentative gels from two ageing and two young subjects are shown. Cleaved
forms of caspase-3 (p20 and p10) were seen at 4 h in ageing subjects
compared with 16 h in the young.

Fig. 5. Cleavage of poly ADP-ribose polymerase (PARP) Activated
lymphocytes (as described in Cell culture section) from young and
ageing subjects were treated with anti-Fas antibody for 0, 4, 8 or 16 h.
Following incubation, the protein was extracted and PARP cleavage
examined by Western blotting. The cleaved form of PARP (p85) was
seen at 4 h in the ageing compared with 16 h in the young.



cells 616 7%) at 16 h following treatment with anti-Fas anti-
body compared with young controls (% TUNELþ cells
226 4%). Representative histograms from one ageing and one
young subject are shown in Fig. 8.

DISCUSSION

The Fas/FasL pathway has been shown to play a central role in
maintaining T cell homeostasis. We have recently shown that there
is a higher susceptibility of CD4þ and CD8þ T cell subsets from
ageing humans to undergo Fas-mediated apoptosis that is asso-
ciated with an increased expression of Fas/FasL on T cells from

ageing humans compared with the young [1]. In the present study,
we have observed increased levels of constitutive expression of
FADD, caspase-8 and caspase-3 in lymphocytes from ageing com-
pared with young subjects. Furthermore, following anti-Fas antibody
treatment, an increased activation of caspase-8 and caspase-3 was
observed in the ageing compared with young controls.

In the present study, we observed increased constitutive
expression of FADD in ageing subjects at the protein, but not at
the mRNA level, suggesting a post-translational modification of
FADD in ageing humans. We did not observe any further increase
in FADD expression in lymphocytes from either ageing or young
subjects (data not shown) following treatment with anti-CD3 or
anti-Fas antibody. There are no published reports to suggest that
activation up-regulates FADD expression. The importance of the
increased constitutive expression of FADD protein in ageing is
unclear. Over-expression of FADD [7] in MCF7 cells (a breast
carcinoma cell line that expresses Fas and is sensitive to Fas-
induced killing) and in BJAB1 cells (a B cell lymphoma cell line
which is sensitive to anti-Fas-induced apoptosis) has been shown
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Fig. 6. Caspase-3 activity. Increased caspase-3 activity is seen in samples
from ageing subjects at 0, 4, 8 and 16 h following anti-Fas treatment. Data
(mean6 s.d.) from 10 ageing (B) and 10 young subjects (A) are shown.

Fig. 7. (a) Caspase-3 protein expression. Increased caspase-3 expression at
basal levels in lymphocytes from ageing compared with young subjects, as
detected by Western blotting. Representative gels from three ageing and
three young subjects are shown. (b) Caspase-3 mRNA expression. An
increased caspase-3 mRNA expression at basal levels in lymphocytes from
ageing compared with young as detected by Northern blotting. Represen-
tative gels from three ageing and three young subjects are shown. A,
Ageing; Y, young.
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Fig. 8. DNA fragmentation in lymphocytes. Activated lymphocytes were
treated with anti-Fas antibody for 0, 4, 8 or 16 h. Following incubation, cells
were harvested and percent apoptotic cells determined using TUNEL assay.
Representative histograms from one ageing and one young subject are
shown. Significantly increased TUNELþ cells are seen in lymphocytes
from ageing subjects following 16 h of anti-Fas treatment compared with
young controls.



to initiate apoptosis, which is inhibited by crmA, an inhibitor of
caspase-3. However, we did not observe any increased apoptosis in
freshly isolated MNC in ageing compared with young controls
(data not shown). It remains to be determined whether the over-
expression of constitutive levels of FADD in lymphocytes from
ageing humans leads to its early recruitment to the Fas receptor,
upon receptor activation, resulting in an early activation of cas-
pases and increased apoptosis (as observed in the ageing).

Caspases are present in zymogen form and are activated to
release their enzymatically activated forms. Following trimeriza-
tion of the Fas receptor, pro-caspase-8, one of the most proximal
members of caspases, is recruited to the Fas receptor–FADD
complex and is physically associated with FADD via a DED
homology interaction [8]. This results in the activation of procas-
pase-8 to activated caspase-8 and finally to the activation of
caspase-3. In this study, we observed increased levels of constitu-
tive expression of both caspase-8 and caspase-3 and an increased
activation of both caspases in MNC from ageing subjects. Similar
to over-expression of FADD, the role of increased constitutive
levels of caspases in ageing is not clear. Transfection of MCF7
cells and 293-EBNA cells (embryonic kidney cells) with an
expression vector encoding caspase-8 has been shown to result
in massive cell death in these cells [22]. Kumaret al. [23] observed
decreased expression of caspases, including caspase-3, inSTAT-1
null fibroblasts that were resistant to TNF-a-induced apoptosis.
Therefore, it is possible that the constitutive levels of caspases may
play a role in the kinetics of caspase activation. However, these
investigators did not examine anti-Fas-induced apoptosis in these
cell lines. In the present study, we observed an early and increased
activation of both caspase-8 and caspase-3 in ageing subjects
following anti-Fas antibody treatment. The possibility that
increased caspase activity in lymphocytes from ageing humans is
due to an increased number of cells undergoing apoptosis cannot
be excluded. However, the early activation of caspases (at 4 h) in
samples from ageing subjects following anti-Fas treatment when
no apoptosis is observed by TUNEL assay (apoptosis is observed at
16 h) may suggest that the increased caspase-8 and caspase-3
activities are due, at least in part, to the increased activation of
caspases and perhaps the early recruitment of caspases to DISC.

In conclusion, increased apoptosis in lymphocytes from ageing
humans is associated with increased constitutive expression and
activity of certain adaptor molecules and caspases involved in Fas/
FasL pathway-mediated apoptosis.
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