
Abstract

Aims/hypothesis. The aim of this study is to investi-
gate whether apoptosis in human beta cells can be 
related to the induction of the tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) pathway.
Methods. We examined the expression of TRAIL and
TRAIL receptors in two human pancreatic beta-cell
lines and in human primary islet cells using RT-PCR
assays and flow cytometric analyses and tested
TRAIL-mediated beta-cell destruction in 51Cr release
cytotoxicity assays, Annexin-V and APO-DIREC as-
says.
Results. Most of the human beta cells express TRAIL
receptors-R1, -R2, -R3, -R4 and/or TRAIL. TRAIL
induced much stronger cytotoxicity and apoptosis to
beta-cell lines CM and HP62 than did FasL, TNF-α,
LTα1β2, LTα2β1, LIGHT, and IFN-γ. The cytotox-
icity and apoptosis induced by TRAIL to beta-cell
lines CM were inhibited competitively by soluble
TRAIL receptors, R1, R2, R3 or R4. Treatment of

these beta cells with antibodies against TRAIL recep-
tors was able to block the cytotoxicity of TRAIL to
these cells. Beta-cell antigen-specific CTL (CD4+ and
CD8+) clones express TRAIL, suggesting that these
cells are potential sources of TRAIL-inducing beta-
cell destruction. Normal primary islet cells from 
most donors are resistant to the cytotoxicity mediated
by TRAIL. However, treatment with an inhibitor of
protein synthesis (cycloheximide) or with an enzyme
(PI-PLC) that can remove TRAIL-R3 from the islet-
cell membrane was able to increase the susceptibility
of TRAIL-resistant primary islet cells to the TRAIL
death pathway.
Conclusion/interpretation. The TRAIL death pathway
is present and can function in human islet beta cells,
but unidentified inhibitors of the TRAIL death path-
way are present in normal islet cells. [Diabetologia
(2002) 45:1678–1688]
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The majority of cases of Type I (insulin-dependent)
diabetes mellitus are caused by progressive loss of in-
sulin-producing beta cells and are generally believed
to result from T cell-mediated multiple death path-
ways [1]. Programmed cell death, or apoptosis is an
important pathogenesis in the development of Type I
diabetes [1, 2, 3]. Morphological changes indicative of
apoptosis have been observed in normal islets and ap-
pear at an increased frequency in islets with Type I di-
abetes-associated insulitis [3]. Defining the signalling
components of apoptosis present in beta cells is im-
portant because it could provide insights into potential
pathogenic mechanisms and might lead to the devel-
opment of pharmacological interventions for the treat-
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ment of Type I diabetes. Several apoptosis signalling
pathways, initiated by death receptor ligands such as
Fas ligand (FasL) and TNF-α have been shown to be
active in mouse islet beta cells and could be involved
in destructive insulitis [4, 5, 6, 7]. TRAIL (also known
as Apo2 ligand) is a 40-kDa type II transmembrane
protein that is structurally related to the TNF family of
proteins including TNF-α and FasL [8, 9]. TRAIL,
like TNF-α and FasL, has both membrane-bound and
soluble forms [8] and acts via type 1 membrane recep-
tors that signal apoptosis through a cytoplasmic death
domain [8, 9, 10]. The extracellular domain of TRAIL
shares the highest amino acid homology with the Fas
ligand (28%), TNF-α (23%), lymphotoxin (LT)-α
(23%), and LT-β (22%) [8, 9]. To date, several TRAIL
receptors have been identified. Two of these receptors
TRAIL-R1/death receptor 4 (DR4) and TRAIL-R2/
death receptor 5 (DR5) contain cytoplasmic death do-
mains and signal apoptosis through a caspase-depen-
dent pathway [11, 12, 13, 14]. Engagement of either
of these two receptors by TRAIL results in the recruit-
ment and activation of caspase-8, as well as cleavage
of BH3-interacting death domain agonist and cyto-
chrome c release from mitochondria. These events
that subsequently lead to the activation of the caspase
cascade [8, 15, 16]. In contrast with TRAIL-R1 and
TRAIL-R2, TRAIL-R3/decoy receptor (DcR) 1 exists
as a glycosyl-phosphatidylinositol-anchored surface
protein that is not able to signal cell death, thus acting
as a decoy receptor [11, 13, 15, 16, 17, 18, 19]. 
A fourth TRAIL receptor, TRAIL-R4/DcR2, contains
only a partial death domain and does not mediate 
apoptosis upon binding of TRAIL. Transfection 
of nonsignalling TRAIL-R3 or TRAIL-R4 results 
in a down-regulation in the amount of cell death.
TRAIL-R3 and TRAIL-R4 both act as decoy receptors
and dominant-negative inhibitors of TRAIL-induced
death [11, 13, 20]. The TRAIL pathway can induce
apoptosis in a wide range of transformed tumor cells
and virus-infected cells as well as normal human he-
patocytes and brain cells [21, 22]. A recent study
showed that TRAIL pathway mediated early isolated
normal islet apoptosis and inhibition of the TRAIL
pathway might improve isolated islet survival and re-
duce functional islet mass loss [23]. However, little is
known about the roles played by the TRAIL death
pathway on beta-cell destruction in Type I diabetes.
Recently, pancreatic beta-cell “fratricide” through 
apoptosis mediated by the “ligand/receptor pair”
FasL/Fas has been advanced as an explanation for be-
ta-cell destruction in Type I diabetes, although con-
flicting experimental results have been given [24, 25].
TRAIL and its two death signalling receptors, R1 and
R2, are closely related to FasL and Fas, respectively
[8, 13], suggesting similar mechanisms of death sig-
nalling. LIGHT (another member of TNF family)
transgenic mice spontaneously develop autoimmune
diabetes [26]. These prompted us to investigate the

expression and regulation of TRAIL and TRAIL re-
ceptors in islet cells and TRAIL-mediated cytotoxicity
and apoptosis to beta cells. To investigate whether 
apoptosis and/or cytotoxic necrosis can be related to
activation of the TRAIL death pathway in human beta
cells, we examined the expression and function of this
pathway in human primary islet cells and two human
beta-cell lines in this study. Expression of TRAIL 
by activated T lymphocytes suggests that it could be
involved in T cell-mediated cytotoxicity [27, 28].
Therefore, we also examined the TRAIL expression 
of beta-cell antigen-specific CILs derived from new
onset Type I diabetes.

Materials and methods

Human pancreatic primary islet cells and beta-cell lines.
Freshly isolated human pancreatic primary islet cells from five
naïve beta cell (NBC) donors (NBC 7 to 11) were provided
kindly by the Islet Resource Centers of the Juvenile Diabetes
Research Foundation. SV40 viral DNA-transformed human 
islet beta-cell line HP62 [29] and a human insulinoma-cell line
CM [30] were kindly provided respectively by Dr. M. Vivis of
University, Autonomous University of Barcelona, Spain and
Dr. P.E. Beales of St Bartholomew’s Hospital, UK. These two
cell lines are good target beta cells of TRAIL, although both of
them now do not release insulin in a general culture condition
like most long-term cultured beta-cell lines derived from rats
or mice.

Antibodies. To examine the expression of TRAIL on beta-cell
lines CM and HP62, primary islet cells, and T cells, single-cell
suspensions of these cells were strained with PE-conjugated
mouse anti-human TRAIL monoclonal antibodies (mAbs)
(clone RIK-2, BD PharMingen„ Mountain View, Calif., USA).
To test TRAIL receptor expression on the cell surface, goat an-
ti-human TRAIL-R1, rabbit anti-human TRAIL-R2, goat anti-
human TRAIL-R3, and goat anti-human TRAIL-R4 polyclonal
antibodies (R & D Systems, Minneapolis, Minn., USA) were
used as first antibodies in flow cytometric analyses. These 
antibodies were also used in cytotoxicity assays to examine
their inhibition on the TRAIL pathways. MAbs (clone E2E3)
(Coulter-Electronics of Canada, Burlington, Ontario, Canada)
against insulin were used to test the intracellular insulin in 
primary beta cells.

Recombinant TRAIL, TRAIL receptors, and other recombinant
cytokines. Soluble recombinant human TRAIL and other 
human cytokines such as FasL, TNF-α, LT-α1β2, LTα2β1,
LIGHT and IFN-γ (R & D Systems) were used as effector 
ligands to induce cytotoxicity and apoptosis in beta-cell lines
and primary islet cells isolated from donors. Recombinant
TRAIL-R1/Fc Chimera, TRAIL-R2/Fc Chimera, TRAIL-R3/Fc
Chimera, and TRAIL-R4/Fc Chimera (R & D Systems) were
used to assess the specificity of TRAIL/TRAIL receptor inter-
action pathway and to test their inhibition on the TRAIL death
pathway. The recombinant TRAIL receptor proteins were 
coded by an extracellular domain of human TRAIL receptors
fused to the carboxy-terminal 6x histidine-tagged Fc region of
human IgG, via a polypeptide linker. The chimeric protein was
expressed in a mouse myeloma-cell line, NSO. TNFR1/Fc
Chimera and Fas/Fc Chimera (R & D Systems) were used as
controls to test the specificity of TRAIL/TRAIL receptor inter-
action.
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RT-PCR assays. RT was carried out on total RNA isolated
from CM, HP62, T cells or primary islet cells using TRIzol
(GIBCO, Rockville, Mass., USA). The reaction mixture of
20 µl contained 5 µg RNA, 200 U M-MLV Reverse Transcrip-
tase (GIBCO), 250 µmmol/l dNTPs, 1 U Rnasin Ribonuclease
Inhibitor; PCR was carried out in a 50 µl reaction solution con-
taining 10 mmol/l Tris-HCl (pH 8.0), 30 mmol/l KCl, 2 mmol/l
MgCl2, 15 µmol/l each of upstream and downstream primer
pairs, 200 µmol/l dNTPs and 1 U Taq polymerase (GIBCO).
Amplification for 30 cycles was done for 45 s each at 94°C,
55°C, and 72°C. The primers pairs specific for the human
TRAIL, TRAIL receptors R1, R2, R3, R4, FasL, Fas, TNF-α,
TNFR1 and TNFR2 genes (R & D Systems) were used to 
amplify these genes. The PCR products were electrophoresed
on a 2% Tris acetate EDTA agarose gel and were visualized
under ultraviolet light after staining with ethidium bromide and
analyzed by Molecular Analyst Software (Bio Rad Laborato-
ries, Herculies, Calif., USA). Equivalent loading was con-
firmed by using actin primer pair (SIGMA, St. Louis, Mo.,
USA) for RT-PCR assays to test actin mRNA in loading 
samples.

Antigenic peptides. Beta-cell antigenic peptides encompassing
residues 9 to 23 and 12 to 20 of human insulin β chain (INSB)
protein were synthesized in an automated ABI 430A peptide
synthesizer (Syndrgy, Foster City, Calif., USA) using standard
solid-phase methods [31, 32]. The identity and the purity of the
peptides were analyzed by mass spectrometry. For each pep-
tide, amino acid analyses were carried out and found to be in
agreement with the theoretical composition.

Beta-cell peptide-specific T-cell clones. We used two T-cell
clones, CD4+ THINSB1 and CD8+ THINSB2 for this study.
These clones were derived from a new-onset Type I diabetic pa-
tient whose T cells responded well to beta-cell antigenic pep-
tide INSB(9–23) [33, 34, 35]. Patient informed consent was ob-
tained from the patient and patient’s parents. The minimal epi-
topes and HLA restriction of the two T-cell clones have been
identified [32, 34]. INSB(13–21) and INSB(12–20) are the min-
imal epitopes of cloned THINSB1 cells and THINSB2 cells 
respectively. The T-cell clones THINSB1 and THINSB2 were
maintained in culture by stimulating 2×105 cell at weekly inter-
vals with the specific peptides INSB(9–23) and INSB(12–20)
respectively at 10 µmol/l in complete RPMI 1640 medium 
containing 5% Lymphocult-T-LF (Biotest, Dreieich, Germany),
50 U/ml human recombinant interneukin-2 (rIL-2) (GIBCO,
Missisauga, Ontario, Canada), and γ-irradiated (3000 rad) 
autologous peripheral blood mononuclear cells (PBMC)
(2×106/ml) [33, 34]. Phytohemagglutinin (PHA, SIGMA) and
anti-CD3 mAb (BD PharMingen) were used to activate T cells
from the same donor of T-cell clones for controls.

Cytotoxicity assay. Standard 51Cr release assays [34, 35] were
used to measure cytotoxicity activity of cytokines. For use as
target cells in cytotoxicity assays, apoptosis assays and flow
cytometric analyses, freshly isolated (primary or naïve) islet
beta cells were harvested from culture and digested into single-
cell suspension by PBS with liberase HI (Roche Diagnostics,
Indianapolis, Ind., USA) at 0.75 mg/ml, trypsin 0.8 mg/ml 
(Gibco BRL), and 0.25% EDTA for 5 min at 37°C. The prima-
ry islet-cell preparation contained over 90% dithizone (DTZ)
stained-islet cells of which over 75% are beta cells expressing
intracellular insulin identified by anti-insulin antibody of clone
E2E3. 1×106 of CM, HP62, or primary islet cells were inter-
nally labelled for 1 h at 37°C with 7.4 MBq/ml of Na2

51CrO4
(Amersham, Oakville, Ontario, Canada). Radiolabelled target
cells were washed four times with medium, then, incubated for

4 h at 37°C with cytokines at different concentrations in round-
bottom 96-well plates (Nunc, Napierville, Ill., USA). All 
assays were carried out in triplicate. Percent cytotoxicity was
calculated by the formula: 100×[(ER-SR)/(MR-SR)], where
ER (experimental 51Cr release) = mean cpm released into the
supernatant in the presence of cytokines, using 5×103 target
cells/well; SR (spontaneous 51Cr release) = mean cpm in the
absence of cytokines assessed in four replicate samples, and
MR (maximal 51Cr release) = mean cpm in supernatant of 
target cells incubated with 0.5% Nonidet-P40 (NP-40) deter-
gent (SIGMA) assessed in four replicates. SR was always less
than 20% of MR.

To test the influence of reagents such as cycloheximide
(CHX) and phosphatidylinositol-specific phospholipase C 
(PI-PLC) (SIGMA) on the susceptibility of human primary 
islets cells to the TRAIL death pathway, we incubated islet
cells that were resistant to TRAIL-mediated cytotoxicity with
CHX at a concentration of 10 µg/ml for 48 h or with PI-PLC at
a concentration of 1 µg/ml for 2 h before the islet cells were la-
belled with Cr51 and exposed to TRAIL in cytotoxicity assays.

Flow cytometric analysis. To examine the expression of
TRAIL on primary islet beta cells, CM, HP62 and T cells, 
single-cell suspensions of these cells were strained with 
PE-conjugated mouse anti-human TRAIL (clone RIK-2). To
test the TRAIL receptor expression on the cell surface, goat
anti-human TRAIL-R1, R3, or R4 polyclonal antibodies, and
rabbit anti-human TRAIL R2 polyclonal antibodies (R & D
Systems) were used as first antibodies to label these cells re-
spectively with purified goat IgG or rabbit IgG as controls
(SIGMA). Biotin-conjugated mouse anti-goat IgG or anti-
rabbit IgG (Chemicon International, Temecula, Calif., USA)
were then used as second antibodies to label these cells before
staining with FITC-conjugated streptavidin (Chemicon) for
flow cytometric analyses. The Annexin V assay was used 
to detect the abnormal proteins in plasma of the cells at an 
early stage of apoptosis. FITC-conjugated Annexin V 
(BD PharMingen) was used to stain the translocated membrane
phospholipid phosphatidylserine on the surface of cells before
these cells were analyzed by flow cytometry. 7-amino-actino-
mycin (7-AAD) (BD PharMingen) was used to assess plasma
membrane integrity in Annexin V apoptosis assays. 7-AAD is
a fluorescent vital dye that stains DNA in cells. It does not
cross the plasma membrane of the cells that are viable or in the
early stages of apoptosis, because plasma membrane integrity
is still retained. In contrast, cells in the late stages of apoptosis
or cells that are already dead have lost plasma membrane 
integrity and are permeable to 7-AAD. An APO-DIRECT 
assay which utilizes a reaction catalyzed by exogenous TdT,
referred to as “end-labelling” or “TUNEL” assay, was also
used to detect fragmented DNA of the apoptotic cells in this
study. Fluorescein deoxyuridine triphosphate (FITC-dUTP)
and propidium iodide (PI) (BD PharMingen) were used to stain
the DNA breaks and total DNA of the apoptotic cells follow-
ing flow cytometric analysis. Data were collected using a
FACS Calibur (BD Pharmingen) and analyzed with CellQuest
(BD Biosciences).

Statistical analysis. All positive results were verified by carry-
ing a two-tailed Student’s t test of the mean apoptosis (or cyto-
toxicity) obtained with cytokine (or chemical)-treated and 
-untreated (negative control) beta (or primary islet) cells. 
Significance of the mean apoptosis (or cytotoxicity) in a group
of beta (or primary islet) cells treated by individual cytokine,
compared with those treated by other cytokines at the same
conditions (concentration and time) was examined by post hoc
test using analysis of variance (ANOVA).
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Results

Human beta-cell line HP62, insulinoma-cell line CM,
and freshly isolated primary islet cells express TRAIL
receptors R1, R2, R3, R4 and/or TRAIL. To examine

whether the specific components of the TRAIL death
pathway are present in human beta cells, we investi-
gated the mRNA expression of TRAIL receptors R1,
R2, R3 and R4 in primary islet cells freshly isolated
from human donors and in beta-cell lines, CM and
HP62 using RT-PCR assays. Primary normal islet cells
from five NBC donors all showed positive mRNA of
TRAIL-R1, -R2, -R3, and -R4 as well as TRAIL in
RT-PCR assays (Fig. 1A). Beta-cell line HP62 also ex-
pressed mRNAs of the four TRAIL receptors as well

Fig. 1A, B. Expression of TRAIL receptors R1, R2, R3, R4
and /or TRAIL in human primary islet cells and beta cell lines.
A RT-PCR assays show the presence of mRNA of TRAIL and
TRAIL receptors expressed in primary islet cells and two beta-
cell lines CM and HP62. Equivalent loading was confirmed by
using actin mRNA. (Primary islet cells from all fiver donors
showed similar levels of expression. The representative results

of islet cells from one donor are shown here). B Flow cytomet-
ric analyses indicated that HP62, CM, and normal primary islet
cells express TRAIL receptors on their cell surface. The solid
line histograms denote the staining by anti-TRAIL receptor 
antibodies. The dotted line histograms denote the staining by
unrelated control antibodies with the same isotypes. The per-
centages of positive cells are also shown

Fig. 2A, B. Cytotoxicity to CM and HP62 beta cells mediated
by soluble cytokines TRAIL, FasL, TNF-α, LTα1β2, LTα2β1,
LIGHT, and IFN-γ. A Results from 4-h cytotoxicity assays are
shown. B Results from 18-h cytotoxicity assays are shown
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as TRAIL mRNA. However, insulinoma CM cells ex-
pressed mRNAs of R1, R2, and R3 but not mRNAs of
R4 and TRAIL in the RT-PCR assays. The beta-cell
lines and primary islet cells were also examined for the
expression of TRAIL and TRAIL-receptor proteins on
their cell surface by flow cytometric analyses(Fig. 1B).
Consistent with the results in RT-PCR assays, the re-
sults showed that all of these cells express TRAIL re-
ceptors, although the extent of expression was variable
among the cells tested. Why CM cells expressed R4 in
flow cytometric assays but not in RT-PCR assays re-
mains unclear (repeated experiments showed the same
results). It is possible that the gene coding R4 in CM
cells is different from other beta cells at the site bind-
ing to the primers used in this study but is the same as
them at protein R4 site recognized by anti-R4 antibod-
ies used in this study. CM and HP62 cells expressed
higher densities of R2 than primary islet cells. CM
cells showed relatively higher densities of R1 and R2
than did HP62 and primary islet cells (Fig. 1B).

TRAIL induced much stronger cytotoxicity and apop-
tosis in human beta-cell lines CM and HP62 than 
did FasL, TNF-α, LTα1β2, LTα2β1, LIGHT, and
IFN-γ. To investigate whether the TRAIL death path-
way is functional in mediating beta-cell destruction,
we used soluble recombinant TRAIL to test its effect
on the beta-cell lines CM and HP62 cells and on pri-
mary islet cells. For comparison, soluble TRAIL as
well as other cytokines that are potential ligands in-
ducing target-cell damage, such as FasL, TNF-α,
LTα1β2, LTα2β1, LIGHT, and IFN-γ, was used as 
effectors to induce beta-cell destruction in apoptosis
assays and cytotoxicity assays. TRAIL showed 
clear cytotoxicity to insulinoma-cell line CM and 
beta-cell line HP62, even at very low concentrations
(2.5 ng/ml, p<0.01) in standard (4-h) 51Cr release 
assays. The cytotoxicity of TRAIL to these cells was
dose-dependent (Fig. 2). TNF-α, LTα1β2 and
LTα2β1 were cytotoxic to these beta cells only in
long-term (18-h) cytotoxicity assays and at higher
concentrations (Fig. 2B), although the mRNAs of the
receptor TNF-R1 were positive in these cell lines
shown in RT-PCR assays. FasL and LIGHT showed
no cytotoxicity to CM and HP62 beta cells even in
long-term cytotoxicity assays and at high concentra-
tion (250 ng/ml), although these cells showed positive
Fas mRNA (Fig. 2). The cytotoxicity of TRAIL to
these beta cells was obviously inhibited by soluble
TRAIL receptors R1, R2, R3 and R4 at a 5:1 molar ra-
tio of TRAIL receptor/TRAIL (Fig. 3A). R1 and R2
showed stronger ability than R3 and R4 in inhibition
of the beta-cells damage induced by TRAIL at lower
TRAIL receptor/TRAIL ratios. TRAIL-R1 and -R2
were able to completely inhibit the cytotoxic effects of
TRAIL at a receptor/ TRAIL ratio = 1.5 at molar con-
centrations (p<0.0001, Fig. 3B, C), while R3 and R4
showed strong blockade only at over 5:1 molar con-

centrations (Fig. 3A). Other cytotoxic ligand receptors
such as TNFR1 (the receptor of TNF-α) and Fas 
(the receptor of FasL) were not able to inhibit TRAIL-
mediated cytotoxicity to CM cells, suggesting the
specificity of interaction of TRAIL and TRAIL recep-
tors (Fig. 3C). Treatment of CM cells with antibodies
against human TRAIL receptors could block the cyto-
toxicity of TRAIL to these cells to different extents.
Antibodies against R2 (p<0.0001) were able to com-
pletely block the cytotoxicity of TRAIL to CM cells,
however, R1 (p<0.001) and R4 (p<0.01) antibodies
could inhibit only 70% and 20% of cytotoxicity, re-
spectively, and the R3 (p<0.065–0.095) antibodies
were not able to protect these cells from the cytotoxic-

Fig. 3A–C. Competitive inhibition of the cytotoxicity of
TRAIL to CM cells by soluble TRAIL receptors. A TRAIL 
receptor/TRAIL ratio = 5:1 at molar levels. B TRAIL recep-
tor/TRAIL at different ratios as shown. TRAIL concentration
used is 80 ng/ml. C TRAIL concentration used is 80 ng/ml.
TRAILreceptor/TRAIL ratio = 5:1 at molar levels
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ity of TRAIL at concentration of 80 ng/ml (Fig. 4). R4
antibodies also block some of the cytotoxicity of
TRAIL to CM cells, although R4 is usually consid-
ered a decoy receptor. Different from R4 which con-
tains a truncated cytoplasmic death domain, R3 has no
an intracellular domain. This could explain why R3
antibodies show no clear influence on the cytotoxicity
of TRAIL to CM cells. These results indicate that the
cytotoxicity of TRAIL to the insulinoma CM cells
was mediated by the interaction between TRAIL and
TRAIL receptors and that TRAIL death pathway
might be mainly mediated via TRAIL-R1 and -R2,
partly mediated through -R4 but not -R3. Two differ-

ent flow cytometric assays, the Annexin V assay and
the TUNEL assay, were used to test TRAIL-induced
beta-cell apoptosis. To analyse the kinetic relation be-
tween TRAIL action time and apoptosis induced by
TRAIL to CM cells, our preliminary experiments
showed that Annexin V–positive (7-AAD–negative)
cells appeared first and their percentage increased
with increased time of incubation with TRAIL, to a
maximun at 4 hour, and then decreased. However, the
percentage of cells staining positive with both Annex-
in V and 7-ADD increased more slowly and exceeded
the percentage of cells with only Annexin V–positive
staining after 8 h of incubation with TRAIL. TRAIL-
induced CM-cell apoptosis was TRAIL dose-depen-
dent in both the Annexin V assay and TUNEL assay
(Fig. 5). TRAIL could induce clear CM-cell apoptosis
after incubation with these cells for 4 h at a concentra-
tion of 10 ng/ml (p<0.0001, Fig. 6A). However, FasL
(p<0.026), TNF-α (p<0.020), LTα2β1 (p<0.026), and
IFN-γ (p<0.021) induced much lower CM-cell apopto-
sis than did TRAIL at a concentration of 10 ng/ml for
4 h (Fig. 6A) and 24 h. LTα1β2 (p<0.064) and LIGHT
(p<0.068) did not induce apoptosis of CM cells at the
same conditions (Fig. 6 A). The other cytokines also
induced apoptosis of CM and PH62 cells to a lesser
extent than did TRAIL, when these cells were incu-
bated with them at as high a concentration as
200 ng/ml for 24 h (Fig. 6B). 

Fig. 4. Blockade of the cytotoxicity of TRAIL to CM cells by
antibodies against TRAIL receptors. CM cells were incubated
with antibodies at TRAIL/anti-TRAIL-R ratio = 1:10 at molar
levels for 1 h before exposure to TRAIL in cytotoxicity assays

Fig. 5A, B. Ligand dose-dependent apoptosis of CM cells 
induced by TRAIL. A The apoptosis of CM cells induced 
by TRAIL in AnnexinV assays. The influence of dose on 
apoptosis of CM cells induced by TRAIL (24 h) is shown. 
A representative result (density plot) of the apoptosis of CM
cells induced by TRAIL at 10 ng/ml for 24 h is also shown
here. B Dose-dependent responses of apoptosis of CM cells 

induced by TRAIL (24 h) in TUNEL assays are shown. A 
representative result (histograms) of the apoptosis of CM cells
induced by TRAIL at a concentration of 50 ng/ml (24 h) is 
also shown. The solid line histograms denote the TRAIL-
treated CM cells. The dotted line histograms denote the un-
treated control CM cells. The percentages of positive cells are
shown
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Beta-cell antigen-specific CTL clones express TRAIL.
PE-labelled monoclonal antibodies (clone RIK-2)
against human TRAIL were used to stain beta-cell 
antigen (INSB)-specific CTL clones CD4+ THINSB1
and CD8+ THINSB2 for flow cytometric analyses.
45.9% of INSB (13–21)-specific CD4+ THINSB1
clone cells are TRAIL-positive. Of cloned CD8+

THINSB T cells specific to INSB(12–20) 58.8% ex-
pressed TRAIL on the cell surface (Fig. 7A). RT-PCR
assays also showed that these beta-cell antigen-
activated T cells are TRAIL mRNA-positive and are
TRAIL receptor mRNA(s)-positive (Fig. 7B). Similar
results were shown in T-cell clones specific to other
beta-cell proteins such as GAD and IA-2. The PBMC
from the same donors were almost all TRAIL-

negative on their cell surface (Fig. 7A) . However, 
activated T cells derived from PBMC of these donors
by stimulation with PHA or anti-CD3 mAb also
showed positive TRAIL on the cell surface (Fig. 7A).

Multiple factors influenced the susceptibility of normal
islet cells to the damage mediated by the TRAIL death
pathway. We tested TRAIL-mediated cytotoxicity to
freshly isolated primary human beta cells from five do-
nors. TRAIL showed clear cytotoxicity to primary beta

Fig. 6A, B. Comparison of CM-cell apoptosis induced by
TRAIL and other cytokines FasL, TNF-α, LTα1β2, LTα2β1,
LIGHT, and IFN-γ. A The apoptosis of CM cells was induced
by TRAIL or other cytokines at a concentration of 10 ng/ml in
4-h Annexin V assays. The results from three repeated experi-
ments are shown here. B (a) Apoptosis of CM cells was 
induced by TRAIL at a concentration of 10 ng/ml in a 24-h 
apoptosis assay (other cytokines did not induce clear apoptosis
of CM cells at these conditions. Those results are omitted). 
(b-h) The apoptosis of CM cells induced by TRAIL and other
cytokines as shown was tested at a concentration of 200 ng/ml
in 24-h Annexin V assays. The solid line histograms denote
the cytokine-treated CM cells. The dotted line histograms
denote the untreated CM cell controls. The percentages of 
positive cells are also shown

Fig. 7A, B. TRAIL expression of beta-cell antigen-specific
CTL clones. A a and b show TRAIL expression on the cell 
surface of CD4+ THINSB1 (a) or CD8+ THINSB2 (b) CTL
clones specific to peptides of INSB in flow cytometric ana-
lyses. (c) and (d) show TRAIL expression on PBMC cells 
surface from the same donor of the T-cell clones. e and f show
TRAIL expression on PHA-activated (at 10 µg/ml) (e) and 
anti-CD3 mAb-activated (at 300 ng/ml) (f) PBMC from the
donor. B RT-PCR assays show mRNA expression of TRAIL
and TRAIL receptors in cells of T-cell clone THINSB1. Equiv-
alent loading was confirmed by using actin mRNA



islet cells and in beta-cell lines CM and HP62. These
cells also expressed TRAIL receptors on their cell sur-
face. This is the first instance in which TRAIL has
been shown to kill normal human primary islet cells
and beta-cell lines. This study proves that the TRAIL
death pathway is functional in human beta cells and is
likely to be mediated through TRAIL-R1 and -R2.

There are multiple potential pathways (such as per-
forin, FasL and TNF-α) mediating apoptosis and/or
cytotoxicity to beta cells. Recently, FasL/Fas interac-
tion has received attention as an explanation for auto-
immune beta-cell destruction in Type I diabetes [24,
25]. However, little is known about which are the
most important pathways mediating beta-cell damage
in Type I diabetes. This does not preclude the possibil-
ity that TRAIL could be acting through its death re-
ceptors in a manner postulated for FasL in Type I 
diabetes. The results in this study showed that TRAIL
induced much stronger cytotoxicity and apoptosis to
human beta-cell lines CM and HP62 than did other
cytokines suggesting the potential roles of TRAIL
pathways in the development of Type I diabetes. The
TRAIL death pathway showed two important charac-
terisations, in comparison with pathways mediated by
other TNF family members. Firstly, as a death-path-
way ligand, TRAIL has the most complex receptor
system including two true receptors (R1 and R2), 
two decoy receptors (R3 and R4) and a fifth receptor,
osteoprotegerin, compared with TNF-α (a true recep-
tor TNFR1 and a decoy receptor TNFR2) and FasL 
(a true receptor Fas and a decoy receptor, DcR3) [36].
Secondly, the signal-transduction pathway initiated by
TRAIL is complex and could be different from those
triggered by other death ligands. Death ligands FasL,
TNF-α and TWEAK via receptors Fas, TNFR1 and
DR3, respectively initiate apoptosis through recruit-
ment of a common adaptor protein FADD or
TRADD/FADD. FADD in turn recruits caspase 8 to
form the death-inducing signalling complex, which
leads to activation of a caspase cascade and eventual
cell death. While the activating events start different
signal cascades, all of these communications feed into
a final, common apoptotic pathway that leads to cell
death [36, 37]. However, the role of FADD in TRAIL
receptors is highly controversial. Several initial papers
showed that the TRAIL-induced death pathway was
FADD-independent, and that the dominant negative
FADD protein failed to inhibit apoptosis initiated by
overexpression [36, 38]. A recent study showed that
FADD is required for TRAIL-R1- and -R2-mediated
apoptosis [39]. Therefore, the TRAIL death pathway
might use both the common signal-transduction path-
way (FADD-dependent pathway) shared with other 
ligands and a FADD-independent signal-transduction
pathway, in which TRAIL directly activates caspase-3
[36]. These characteristics (multiple functional recep-
tors and multiple signal-transduction pathways) of the
TRAIL pathway might be used to explain why TRAIL
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cells from only one donor at different concentrations
from 2.5 µg/ml to 80 µg/ml, with marginal or negative
cytotoxicity to primary islet cells from the other four
donors, suggesting that most normal islet cells were 
resistant to TRAIL-induced cytotoxicity (Fig. 8). To
study the factors influencing the susceptibility of 
normal primary islet cells to the TRAIL death pathway,
we treated primary islet cells with CHX and PI-PLC
before exposing these cells to TRAIL. Normal primary
islet cells from donor NBC11 that were resistant to
TRAIL-mediated cytotoxicity (Fig. 8) became suscepti-
ble to the cytotoxicity mediated by TRAIL after these
cells were treated by CHX (P<0.0001) and PI-PLC
(P<0.0001) (Fig. 9). However, the presence of TRAIL
receptor R2 blocked the cytotoxicity of TRAIL to the
treated islet cells suggesting that treatment of primary
islet cells with CHX or PI-PLC increased the suscepti-
bility of these cells to TRAIL-induced damage. 

Discussion

We have shown in this study that TRAIL-R1, -R2, -R3
and/or -R4 mRNA is expressed in normal primary 

Fig. 8. Cytotoxicity of TRAIL to freshly isolated primary islet
cells from five donors (4-h assays)

Fig. 9. Effect of addition of CHX or PI-PLC on the suscepti-
bility of primary islet cells to TRAIL-mediated cytotoxicity.
TRAIL-resistant primary islet cells from donor NBC11 were
treated with CHX at 10 µg/ml for 48 h or treated with PI-PLC
(PIP as shown in legend) at 1µg/ml for 2 h before use as target
cells in cytotoxicity assays. Untreated primary islet cells as
well as CHX- (or PI-PLC)-treated islet cells plus TRAIL-R2 at
concentration of TRAIL-R2/TRAIL ratio = 5 (at molar level)
were used as controls in 4-h cytotoxicity assays



induced stronger cytotoxicity and apoptosis to insuli-
noma CM cells and SV40-transformed HP62 beta
cells, in comparison with the pathways initiated by
FasL, TNF-α, LTα1β2, LTα2β1, and LIGHT.

TRAIL can induce apoptosis in a wide range of
transformed cell lines but not in many normal cells,
although the mRNAs of TRAIL-R1 and R2 were
found to be widely expressed on normal tissue [40].
Similarly, most of the normal islet cells in this study
are resistant to the TRAIL death pathway, although
these cells express TRAIL receptors R1 and R2. Many
factors might influence the susceptibility and resis-
tance of normal islet cells to the TRAIL pathway [40].
The normal tissue cells are believed to be protected
from apoptosis by the two additional decoy receptors,
TRAIL-R3 and -R4. TRAIL-R3 is an extracellular
glycosyl-phosphatidylinositol-linked protein without
an intracellular domain [11, 19, 41, 42]. TRAIL-R4
contains a truncated cytoplasmic death domain [20,
43, 44]. TRAIL-R3 and -R4 were thus considered to
inhibit TRAIL induced apoptosis either by acting as
decoy receptors or by providing inhibitory signals
such as activation of the transcription factor NF-κB
[44, 45] which is known to regulate several inhibitors
of apoptosis (c-IAP1, c-IAP2 and XIAP) [46, 47]. In
addition, the death receptors TRAIL-R1 and -R2 are
also known to be able to activate NF-κB upon ligation
[12, 13, 14, 48, 49]. A fifth TRAIL-R, osteo-
protegerin, exists predominantly in a secreted form
and seems to inhibit TRAIL-induced apoptosis by
competitive inhibition of TRAIL binding to the death
receptors TRAIL-R1 and -R2. [50]. That CM and
HP62 cells expressed higher levels of TRAIL-R2
might explain why anti-R2 antibodies showed the
strongest inhibition of TRAIL-induced cytotoxicity to
CM cells among 4 TRAIL receptor antibodies. This
study showed the competitive inhibition by decoy 
receptors R3 and R4 of the TRAIL-induced effects 
on beta-cell lines. The antagonist decoy receptors ex-
pressed on all normal primary islet cells explain their
resistant phenotype to the TRAIL pathway, similar to
the primary cells of other normal tissues [13, 17].
Some studies suggested that TRAIL expression might
protect target cells from the damage initiated by
TRAIL, similar to FasL the expression of which in
target cells protects against FasL-mediated apoptosis
[51]. If this is true, then negative TRAIL expression in
CM cells in RT-PCR assays might explain their sus-
ceptibility to the TRAIL death pathway. Normal islet
cells show susceptibility to the TRAIL death pathway
after treatment by PI-PLC, consistent with a similar
study using human normal umbilical vein endothelial
cells as TRAIL target cells [40]. Treatment with 
PI-PLC could remove the TRAIL-R3 receptors from
the cell membrane [11, 40]. As well, an inhibitor such
as CHX suppressing protein synthesis might also in-
fluence the resistance of islet cells to the TRAIL death
pathway [52]. Primary islet cells were found to be sus-

ceptible to apoptosis mediated by TRAIL, in the pres-
ence of the protein synthesis inhibitor CHX in this
study. To study the possible mechanisms of CHX and
PI-PLC treatment on susceptibility of NBC to the
TRAIL pathway, we examined the expression of
TRAIL receptors on these cells before and after treat-
ment with CHX or PL-PLC. We found that TRAIL-R3
expression was reduced by over 80% after treatment
by PI-PLC [Ou] similar to other studies [11, 40]. Both
CM and HP62 cells showed higher expressions of
TRAIL-R2 than primary islet cells. This might also
explain the susceptibility of these beta-cell lines to 
cytotoxicity of TRAIL.

Beta-cell antigen-specific cytotoxic T cells could
mediate beta-cell destruction and play an important
role in the pathogenesis of Type I diabetes [32, 34,
53]. To assess whether CTL cells are the sources of
TRAIL, we examined TRAIL expression on cloned
beta-cell antigen (GAD, INS, or IA-2)-specific CTL
(CD4+ and CD8+) cells. Results showed that all the
beta-cell antigen-specific CTL clones express TRAIL
on the cell surface, although PBMC from the same 
donors of CTL clones did not express TRAIL. Our 
recent studies indicated that antibodies against
TRAIL receptors block the non-HLA-restricted cyto-
toxicity of the CTL cells to CM cells [Ou]. We also
studied the TRAIL expression in islets on pancreatic
paraffin wax-sections from patients with Type I dia-
betes in comparison with those from age-matched
normal control subjects. Clear enhancement of
TRAIL expression was observed in infiltrating cells
of islets from acute onset Type I diabetic patients.
These results suggest that the TRAIL death pathway
could be a potential mechanism of beta-cell destruc-
tion mediated by CTLs and/or other immune cells in
Type I diabetes. Consistent with our results, other
studies showed that human autoreactive and foreign
antigen-specific T cells expressed TRAIL [51], that
PHA- (or anti-CD3)-activated T cells were able to re-
lease soluble TRAIL [54], and that TRAIL pathway
was involved in CD4+ CTL cell-mediated cytotoxici-
ty to target cells [55].

To date the actual biological function of TRAIL
and its five receptors in vivo is still not clear. CM and
HP62 cells used in this study are transformed cells
that are susceptible to the TRAIL death pathway.
TRAIL-induced cytotoxicity and apoptosis are impor-
tant mechanisms of viral infection-mediated cell dam-
age and CTL cell-mediated tumor-cell destruction [56,
57]. In the cases of viral infection and cancer transfor-
mation, most of the transformed cells could be suscep-
tible to the damage mediated by TRAIL. However, not
all transformed tumor cells are susceptible to the
TRAIL death pathway [40, 58]. The major factors that
determine the susceptibility remain unclear [37, 52].
There might be some unidentified changes not related
to transformation leading to the susceptibility to
TRAIL-mediated apoptosis in the primary beta cells.
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Therefore, further detailed study of the regulation and
control of the TRAIL death pathway might lead to
discoveries of benefit to the clinician in the treatment
and prevention of beta-cell destruction in Type I 
diabetes.
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