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Abstract
Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) selectively induces apoptosis in many transformed
cells, suggesting TRAIL as an ideal candidate for cancer gene
therapy. A main obstacle in cancer therapy is intrinsic or
acquired therapy resistance of malignant cells. To study
induction of resistance against TRAIL, we generated lentiviral
vectors allowing efficient TRAIL expression and apoptosis
induction in a variety of human cancer cell lines. Within days
upon TRAIL overexpression, cells became resistant towards
TRAIL, but not to CD95 ligation or DNA damage by cisplatin.
Cell surface expression of TRAIL receptors 1 and 2 was
completely abrogated in resistant cells due to intracellular
retention of the receptors by TRAIL. SiRNA directed against
TRAIL resensitized the resistant cells by restoring cell surface
expression of TRAIL receptors. These findings represent a
novel resistance mechanism towards TRAIL, specifically
caused by TRAIL overexpression, and question the use of
TRAIL expression in tumor-cell targeting gene therapy.
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Introduction

The death ligand tumor necrosis factor (TNF)-related apop-
tosis-inducing ligand (TRAIL) (also known as Apo2L) is a
potent inducer of apoptosis in transformed cells, while sparing
most normal cell types. Therefore, the recombinant protein, as
well as the gene itself expressed by adenovirus- or adeno-
associated virus (AAV)-derived vectors,1–3 have been widely
used in preclinical cancer models.4–7 As some publications
raised concerns about liver toxicity of certain recombinant
TRAIL preparations8 and demonstrated the expression of
TRAIL receptors in human brain tissue,9 gene therapy using
local administration of virus may be particularly advanta-
geous, as it can generate high concentrations of TRAIL only
locally. Apoptotic TRAIL signaling occurs via the two TRAIL
death receptors, TRAIL-receptor 1 (TRAIL-R1, also known as
Death Receptor 4, DR4) and TRAIL-receptor 2 (TRAIL-R2,
also known as DR5).10 Similarly to CD95, the TRAIL death
receptors oligomerize upon engagement by the ligand and
form a death inducing signaling complex (DISC) by recruiting
FADD, caspase-8 and -10, and FLIP.11 At the DISC, caspase-
8 is autocatalytically activated. Further caspases are either
directly cleaved and activated by caspase-8 or by Bid-
mediated engagement of the mitochondrial apoptosis path-
way.12 Three receptors devoid of complete intracellular death
domains (TRAIL-R3/DcR1, TRAIL-R4/DcR2, and OPG) have
been suggested to be decoy receptors and to act as
modulators of TRAIL sensitivity.

In a recent report, we used an inducible TRAIL-over-
expressing cell line for paracrine apoptosis induction in human
cancer cells.13 While generating this cell line, we observed
that cells rapidly acquired TRAIL resistance. Similarly, the
development of TRAIL resistance has been reported upon
repeated administration of recombinant TRAIL or TRAIL-
expressing Ad over long periods of time.14–16 However, the
biochemical mechanism responsible for this acquired resis-
tance remains elusive. To study the mechanism of resistance
induction upon TRAIL overexpression and under constant
TRAIL exposure, we chose lentiviral gene transfer of TRAIL.
HIV-derived VSV-G-pseudotyped lentiviral vectors mediate
stable, high-level transgene expression in both dividing and
nondividing cells and tissues from a wide range of organisms
in vitro and in vivo.17,18 These properties have made them an
attractive tool for research and therapeutic applications. This
gene transfer system enabled us to monitor resistance
induction using a bulk culture of transduced cells without
further selection pressure, due to stable expression in all
transduced cells. Stable expression upon transfection, in
contrast, is achieved by antibiotic selection of clones, and
especially the tight regulation of expression using inducible
systems relies upon single clones with the desired properties.
These clones are often not suitable for the study of resistance
mechanisms, as they do not represent the whole population of
cells. In this report, we describe the transduction of human
cancer cell lines with a TRAIL-expressing lentiviral vector.
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TRAIL expression resulted in induction of apoptosis mediated
by membrane-bound TRAIL. Owing to the stable expression
of TRAIL protein, we observed a novel mechanism of
resistance towards TRAIL-mediated apoptosis, caused
directly by TRAIL overexpression. Intracellular retention of
TRAIL death receptors, most likely by interaction with the
ligand, resulted in complete and specific resistance of
transduced cells. These findings shed new light on the
feasibility and efficacy of TRAIL gene therapy and prompt
the reconsideration of TRAIL overexpression, at least in tumor
cells themselves, as a therapeutic approach.

Results

Production of LV.TRAIL and transduction of
human tumor cell lines

We generated lentiviral vectors for expression of GFP alone
(LV.GFP), of full length (FL) human TRAIL together with GFP
(LV.TRAIL), and of a TRAIL-GFP fusion protein
(LV.GFPTRAIL) (Figure 1a). We evaluated the vectors using
the FADD-DN expressing variant of the human B cell
lymphoma cell line BJAB, in which the death receptor pathway
is blocked, to avoid possible disturbance of the assay by
apoptosis induction by TRAIL. Upon transduction of BJAB-
FADD-DN cells, LV.TRAIL- but not LV.GFP-transduced cells
showed TRAIL surface expression, as detected by flow
cytometry after 24 h (Figure 1b). However, only 33% of cells
had detectable surface expression of TRAIL, especially in the
highly GFP-positive population, although over 80% of cells
were transduced with LV-TRAIL, as measured by GFP
expression. Inhibition of reverse transcription by the addition
of Azidothymidine (AZT) reduced the level of GFP expression
upon LV.GFP- and LV.TRAIL-transduction at least 10-fold
(data not shown), demonstrating specificity of lentiviral gene
expression. Upon transduction of normal BJAB-cells,
LV.TRAIL but not LV.GFP-induced apoptosis in about 20%
of the cells, which was reduced in the presence of AZT
(Figure 1c). BJAB-FADD-DN cells with a defect in death
receptor signaling were not susceptible to LV.TRAIL-induced
apoptosis, as expected. Previous reports have described the
carryover of proteins expressed in producer cells by envel-
oped viral particles,19 causing transduction-independent
induction of apoptosis. To investigate the possibility of
partial apoptosis induction by LV.TRAIL-particles containing
TRAIL protein, we performed immunoprecipitation analysis
of LV.GFP and LV.TRAIL using a TRAIL-specific antibody
(1d). Western blot analysis revealed that LV.TRAIL- but
not LV.GFP-particles contained full-length human TRAIL
protein. HIV-1 gag p24, which unfortunately appears in
the Western blot at the same molecular weight as the
IgG light chain, was co-precipitated, confirming that
indeed the virus particles themselves contain some TRAIL
protein.
These data demonstrate that LV.TRAIL canmediate TRAIL

surface expression in human tumor cells and cause both
transduction-dependent apoptosis due to TRAIL expression
and transduction-independent apoptosis due to TRAIL protein
carryover.

Paracrine apoptosis induction by
membrane-bound TRAIL

To confirm that TRAIL expressed on transduced cells was
biologically active, we co-cultured transduced BJAB cells with

Figure 1 Lentiviral gene transfer mediates TRAIL expression and apoptosis.
TRAIL protein is present on TRAIL-expressing lentiviral particles. Co: no virus,
GFP: LV.GFP, TRAIL: LV.TRAIL. (a) Structure of the lentiviral constructs,
LV.GFP (expressing eGFP), LV.TRAIL (expressing TRAIL and GFP), and
LV.GFPTRAIL (expressing an eGFP-TRAIL fusion protein). (b) GFP and TRAIL
expression in BJAB FADD-DN cells upon transduction at MOI 2.5 was
determined by staining with anti-TRAIL-antibody and PE-conjugated secondary
antibody. Numbers given in the dot plots are the percentage of cells in the
respective quadrants. (c) Apoptosis in BJAB control and FADD-DN cells was
measured by Nicoletti staining 48 h after transduction at MOI 0.5 with LV.GFP
and LV.TRAIL in the presence and absence of AZT. (d) 1� 106 IU of LV-GFP
(G) or LV-TRAIL (T) were immunoprecipitated using an anti-TRAIL antibody and
Protein G-Agarose and analyzed by SDS-PAGE and Western blot using anti-
TRAIL and anti-HIV p24 antibodies. Lysate of 293T cells expressing full-length
human TRAIL (fl T) and recombinant s TRAIL (sT) were used as controls. (hc):
mIgG heavy chain, (lc): mIgG light chain

TRAIL resistance induced by TRAIL gene transfer
T Wenger et al

1741

Cell Death and Differentiation



parental or caspase-8-deficient Jurkat cells at a ratio of 10:1.
Target cells were identified by CD3 staining. Massive
apoptosis of approximately 80% was found in parental, but
not in caspase-8-deficient Jurkat cells upon co-culture with
TRAIL-expressing effector cells only (Figure 2a). TRAIL can
be expressed as a membrane-bound or a soluble (s) form.
The production of s TRAIL was reported to involve protease
cleavage of FL TRAIL20 or vesicle secretion.21 The precise
mode of sTRAIL production is still unclear, but in most cases
requires stimulation of cells22 and release of stored sTRAIL23

rather than just shedding of the extracellular domain of cell
surface expressed flTRAIL. To confirm that the biologically
active TRAIL was indeed the membrane-bound form in our
setting, we usedBL-60 cells as a target. This humanB-cell line
is highly sensitive towards TRAIL-mediated apoptosis24 and
thus represents an excellent indicator system. To prevent
cell–cell contact, we co-cultured BL-60 cells in the upper
chamber of a 0.2mm transwell plate with LV.GFP- and
LV.TRAIL-transduced BJAB or P693 cells in the lower
chamber. Medium containing 30 ng/ml recombinant TRAIL,
which is able to pass the membrane of the two-chamber
system, was used as a control. After 24 h, induction of cell
death by TRAIL-transduced cells was not detected
(Figure 2b), while recombinant TRAIL induced apoptosis.
These data suggest that lentiviral TRAIL expression specifi-
cally induces death receptor-mediated apoptosis, and that
membrane-bound TRAIL is important for the induction of
apoptosis in neighbouring cells in this system.

Development of resistance and outgrowth of
transduced cells

Upon culture of transduced BJAB cells for 30 days, we
observed an increase of GFP-expressing cells from initially 46
to 98% in LV.TRAIL-transduced cells (Figure 3a). In the
LV.GFP- and LV.TRAIL-transduced FADD-DN BJAB cells,
the percentage of GFPexpressing cells remained unchanged.
Upon outgrowth, cells acquired complete resistance towards
TRAIL, while retaining normal sensitivity towards CD95
stimulation and the DNA-damaging drug cisplatin
(Figure 3b). TRAIL expressed by resistant cells remained
biologically active, since Jurkat target cells were still killed in
co-culture assays (data not shown). To further highlight the
time course of development of resistance to TRAIL-induced
apoptosis by lentiviral overexpression of TRAIL, BJAB cells
were transduced at high MOI (2.5) with LV.GFP or LV.TRAIL
in the presence of the caspase-inhibitor zVAD-fmk, to avoid
apoptosis induction by the TRAIL protein present in the viral
particles. After 24 h, zVAD-fmk was removed by extensive
washing and adding fresh medium. After 48 h, the cells were
treated with anti-APO-1 or TRAIL for 24 h. While TRAIL-
induced apoptosis was strongly diminished in LV.TRAIL-
transduced cells, LV.GFP- and LV.TRAIL-transduced cells
were equally sensitive to CD95-induced apoptosis
(Figure 3c), suggesting that selective resistance towards
lentiviral TRAIL occurs as early as 96 h after transduction.
Quite similar results were obtained by transducing the
established human lung (P693), cervical (P5), and pancreatic
(MIAPACA) cancer cell lines with LV.TRAIL and LV.GFP. This
resulted in 20–40% transduced cells 72 h post-transduction
(Figure 3d). At 30 days after transduction with LV.TRAIL
the percentage of GFP-expressing cells had increased to
80–100% while the percentage of GFP-expressing cells
in LV.GFP-transduced cells remained unchanged. This
was accompanied by complete resistance towards TRAIL
in the TRAIL transduced cells (Figure 3e). These results
suggest that lentiviral overexpression of TRAIL resulted in
selective TRAIL resistance of transduced cells and outgrowth
of the resistant population, via a non-cell-type-specific
mechanism.

Mechanism of resistance

To investigate the mechanism of selective TRAIL resistance,
we treated transduced cells with recombinant human leucine
zipper (LZ)-TRAIL and the CD95-crosslinking anti-APO-1
antibody as a positive control and examined death receptor
activation by Western blot analysis of caspase-8 cleavage.
Whereas control cells cleaved caspase-8 upon CD95 and
TRAIL stimulation, LV.TRAIL-transduced resistant cells failed
to process procaspase-8 upon TRAIL stimulation, but showed
normal processing upon CD95 activation (Figure 4a). As
caspase cleavage does not necessarily translate into caspase
activity, we also tested for caspase-8 activity. Activation of
caspase-8 was confirmed by an enzymatic activity assay
(Figure 4b). Levels of total caspase-8 and c-FLIP were
examined by Western blot analysis and were unchanged in
the resistant cells (Figure 4c). To determine surface expres-
sion of TRAIL receptors, we performed FACS analysis using

Figure 2 TRAIL expressed on the surface of transduced cells, but not s TRAIL
mediates paracrine apoptosis. (a) BJAB cells were transduced at MOI 0.5 and
cultured for 5 days. LV.GFP- and LV.TRAIL-transduced and nontransduced cells
were co-cultured with wild-type or caspase-8 deficient Jurkat cells at a 10 : 1 ratio,
(2� 105 total cells in 200 ml in 96 well-plates) for 24 h. The cells were stained with
anti-CD3-CyChrome and AnnexinV-PE. Target cells were CD3-CyChromeþ

GFP-. (b) BL-60 cells were co-cultured in 0.2 mm transwell plates with transduced
P693and BJAB cells, or fresh medium containing 30 ng/ml recombinant TRAIL
(rhT), and the specific apoptosis was measured by FSC/PI
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BJAB cells 30 days after transduction (Figure 4d) since the
outgrowth observed in the LV.TRAIL-transduced BJAB wild-
type cells was complete at this timepoint. While cell surface
expression of TRAIL-R1 and TRAIL-R2 could be detected in
BJAB-control and BJAB-FADD-DN cells transducedwith GFP
alone, expression was absent in TRAIL-expressing parental
BJAB cells and in the high-GFP-expressing population of
FADD-DN cells transduced with LV.TRAIL. The analysis of
BJAB-FADD-DN-cells transduced at different MOI and
expressing different amounts of TRAIL demonstrated that
TRAIL-R1 and TRAIL-R2 expression was downregulated
depending on the amount of TRAIL surface expression.
Expression of TRAIL-R3 and TRAIL-R4 was not detectable in
BJAB cells (data not shown) as described.24 TRAIL expres-
sion could be detected in the high-GFP-expressing population
of LV.TRAIL-transduced parental BJAB and FADD-DN cells.
CD95 levels were examined as a control and remained
unchanged excluding a general interference with protein
transport in transduced cells. BJAB cells transduced with
LV.GFP at higherMOI did not show any differences compared
to the ones transduced at lower MOI (data not shown). Similar
results were obtained with LV.GFP- and LV.TRAIL-trans-
duced P693 cells (data not shown). In FADD-DN BJAB

cells TRAIL receptors were downregulated upon TRAIL
overexpression but cells did not grow out, since these cells
are already resistant towards TRAIL and therefore have no
selection advantage under constant TRAIL exposure. These
data strongly suggest that specific resistance towards TRAIL-
induced apoptosis is induced by lentiviral TRAIL overexpres-
sion involving blockade of caspase-8 and loss of TRAIL
receptor surface expression, apparently depending on the
amount of TRAIL expression.

TRAIL receptor protein is retained within the cells,
and DISC formation is abrogated

Since TRAIL-R1 and TRAIL-R2 mRNA was still detectable in
resistant cells (Figure 5a), we analyzed intracellular protein
expression by FACS analysis of permeabilized BJAB cells
(Figure 5b). Despite fixation, some GFP was lost due to
permeabilization. Also, the TRAIL-R1 antibody did not work
with fixed samples as good as with unfixed cells. We found
expression of TRAIL-R2, at a lower level than in GFP-
transduced control cells, but no expression of TRAIL-R1 in
TRAIL-transduced cells. These findings indicate that transla-

Figure 3 TRAIL transduced cells specifically grow out due to resistance to TRAIL but not to CD95 stimulation or cisplatin. (a) GFP expression on day 3 and 30 post-
transduction of BJAB cells transduced at MOI 0.5. (b) BJAB cells 30 days after transduction were stimulated for 24 h with recombinant TRAIL and anti-APO-1 or for 72 h
with cisplatin at the indicated concentrations. Cell death was measured by MTT assay. Co: no virus, GFP: LV.GFP, TRAIL: LV.TRAIL, FDN: BJAB-FADD-DN. (c) BJAB
cells were transduced in the presence of zVAD-fmk at MOI 2.5. After 24 h, zVAD-fmk was removed, and cells were stimulated 72 h after transduction for 24 h with anti-
APO-1 (A) or TRAIL (T) at 100 ng/ml. Apoptosis was analyzed by FSC/PI. (d) P693, MIAPACA (MP) and P5 cells were transduced with LV.GFP and LV.TRAIL. GFP
expression was measured at day 3 and 30 after transduction. (e) Transduced cells (day 30 after transduction) were stimulated with TRAIL (1 mg/ml) for 48 h and
apoptosis was measured by Nicoletti staining
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tion, transport or stability of protein rather than a loss of
transcription of TRAIL-R2might have been affected. Since the
antibodies used for TRAIL receptor staining functionally block
receptor activation by the ligand,11 we investigated whether
receptor-bound TRAIL might vice versa block or diminish
staining of TRAIL receptors. We pre-incubated BJAB cells
with recombinant TRAIL prior to staining and could detect
bound TRAIL on the cell surface by FACS analysis. Surface
staining with anti-TRAIL receptor antibodies was blocked by
this treatment in a dose-dependent manner (Figure 5c). Only
the TRAIL-R1 signal could be completely abrogated, while
TRAIL-R2 staining was only partially impaired. To further
investigate the levels of intracellularly retained TRAIL-R1 and
TRAIL-R2 protein, we used coimmunoprecipitation experi-
ments (Figure 5d) since the available polyclonal TRAIL-R1
and TRAIL-R2 antibodies gave strong unspecific signals
when using directly cell extracts analyzed byWestern blotting.
To detect intracellular TRAIL-R1 and TRAIL-R2 protein and to
test for presence or absence of a functional DISC in resistant
cells, we used LV.GFP- and LV.GFPTRAIL-transduced BJAB
cells. The LV.GFPTRAIL vector was exclusively constructed
for this particular experiment since attempts to use a full-
length membrane-bound human TRAIL variant containing an
N-terminal intracellular FLAG-tag failed. Despite protein
expression detectable in Western blot analysis, surface
expression of this construct could not be detected in 293T
cells (Supplementary Figure S1) or BJAB cells (data not
shown). In control experiments, we ensured that the proper-

ties of the GFPTRAIL fusion protein with respect to apoptosis
and resistance induction were similar to those of full-length
TRAIL coexpressed with GFP by LV.TRAIL (data not shown).
For precipitation of the TRAIL DISC or of TRAIL receptors
from lysates, we used FLAG-tagged TRAIL together with anti-
FLAG M2 antibody.11 Upon TRAIL stimulation for 30min, a
TRAIL DISC containing TRAIL-R1, TRAIL-R2, and caspase-8
formed in BJAB-control and BJAB-GFP cells (Figure 4d). In
BJAB-GFPTRAIL cells no detectable TRAIL receptors and
only small amounts of unprocessed caspase-8 could be
precipitated. By co-precipitation with FLAG-TRAIL, large
amounts of TRAIL-R1 and TRAIL-R2 could be detected in
lysates of control and LV.GFP-transduced cells, but not from
BJAB-GFPTRAIL cells. GFPTRAIL seemed to have com-
peted with FLAG-TRAIL for TRAIL-R binding and inhibited
precipitation with FLAG-TRAIL, since TRAIL-R1 and TRAIL-
R2 were co-precipitated from lysates of BJAB-GFPTRAIL
cells, using anti-GFP antibody to precipitate GFPTRAIL.
GFPTRAIL was detected by Western blotting using anti-
TRAIL antibody only after immunoprecipitation and not in
lysates, despite high protein levels detected by FACS analysis
(data not shown). These findings indicate that TRAIL-R1 and
TRAIL-R2 proteins are still synthesized in resistant TRAIL-
overexpressing cells and that they are able to interact with
TRAIL but are present at lower levels. These results also
confirm the absence of functional TRAIL death receptors from
the cell surface of resistant cells. TRAIL-R1 and TRAIL-R2
protein are present within the cells but are not or only weakly

Figure 4 Lack of caspase-8 activation and down-regulation of TRAIL-R1 and -R2 cell surface expression in resistant cells. (a) BJAB cells 30 days after transduction
were stimulated for 15 and 30 min with anti-APO-1 (A, 500 ng/ml) or TRAIL (T, 500 ng/ml) and extracts were analyzed for caspase-8 cleavage by Western blotting. (b)
BJAB cells were stimulated for 6 h as indicated above and caspase-8 activity was measured by IETD-AFC cleavage assay. (c) Lysates from parental BJAB cells (co) or
BJAB cells transduced with LV.GFP (GFP) or LV-TRAIL 30 days after transduction were examined by Western blotting, using anti-c-FLIP mAb NF6 and anti-FLICE mAb
C15. (d) FACS analysis of TRAIL, TRAIL-R1, TRAIL-R2 and CD95 cell surface expression 30 days after transduction. BJAB wt cells were transduced with LV.GFP or
LV.TRAIL at MOI 0.5, BJAB FADD-DN transduced were transduced with LV.GFP or LV.TRAIL at MOI 0.5 or with LV.TRAIL at MOI 2.5. Cells were stained with the
indicated antibodies and a PE-conjugated secondary antibody. Numbers given in the dot plots are the percentage of cells in the respective quadrants (no percentage
given: o1)
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detectable using monoclonal antibodies, which can be
blocked by bound TRAIL. This suggests that intracellular
interaction of the ligand with the receptors prevents antibody
binding by competition, induces intracellular retention of
TRAIL-R1 and TRAIL-R2 and causes resistance towards
TRAIL.

Intracellularly retained TRAIL-R2 protein
colocalizes with GFPTRAIL in the ER/golgi

To detect the localization of intracellular TRAIL-R2 protein, we
performed immunofluorescence analysis and confocal micro-
scopy of LV.GFP- and LV.GFPTRAIL-transduced BJAB (data
not shown) and P693 cells (Figure 6). A fluorescent derivative
of Brefeldin A (BFA), BFA-BODIPY 55925 was used to stain
ER and golgi-apparatus (blue). GFP was ubiquitously
expressed and did not specifically localize to any compart-
ment except for some nuclear accumulation. GFPTRAIL
localized to the plasma membrane and clustered intracellu-
larly in the area of the ER/golgi apparatus (blue–green colour
in the overlay picture). TRAIL-R2 (red) localized both to the
plasmamembrane (white arrows in the overlay picture) and to
the ER/golgi (pink colour in the overlay picture) in LV.GFP-
transduced cells. In LV.GFPTRAIL-transduced cells, TRAIL-
R2-staining was weak and detectable only intracellularly, but
not on the plasma membrane. It largely overlapped with
GFPTRAIL within the ER/golgi apparatus (yellow staining in
the overlay picture), but a small amount of TRAIL-R2 protein
also colocalized with ER/golgi only (pink colour in the overlay,
yellow arrows). These data confirm retention of TRAIL-R2
within the ER/golgi apparatus and show colocalization of
TRAIL-R2 and GFPTRAIL.

Resensitization of TRAIL-resistant cells

Finally, to corroborate the assumed mechanism involved in
resistance induction upon TRAIL overexpression, we at-
tempted to resensitize the resistant BJAB cells. The use of
tunicamycin, a glycosylation inhibitor and inducer of ER stress
and apoptosis26 which has been reported to resensitize
TRAIL-resistant cells with intracellular TRAIL receptor reten-
tion,15 was not effective in our system (Supplementary Figure
2). We observed a slightly higher toxicity on Tunicamycin in
BJAB-TRAIL cells compared to BJAB-GFP cells at early
timepoints, possibly due to a predisposition towards ER stress
by the intracellular protein interaction. However, wewere quite
successful using RNAi oligonucleotides towards TRAIL.
Knock down of TRAIL overexpression upon transient trans-
fection of a TRAIL-specific siRNA, but not of an unspecific
control siRNA resulted in a decrease of TRAIL expression in
BJAB-TRAIL and an increase in TRAIL-R1 and TRAIL-R2
surface expression (Figure 7a). This did not occur in BJAB-
GFP cells treated similarly, with the exception of a slight
increase of TRAIL-R2 expression. However, a complete
resensitization could not be achieved, since the TRAIL knock
down was not complete. This is indicated by the TRAIL mean
fluorescence intensity (MFI) obtained in BJAB-TRAIL cells,
which decreased from 14 (control-siRNA) to 9 (TRAIL-
siRNA). In comparison, the TRAIL MFI of BJAB-GFP cells
remained at 5. Similarly, the TRAIL-R1 and TRAIL-R2 surface
expression levels of the resistant cells were increased upon
TRAIL siRNA transfection, but did not reach the wild-type
levels. Therefore, the TRAIL knock down only partially
resensitized the resistant cells towards TRAIL-induced
apoptosis, but had no effect on the TRAIL sensitivity of
BJAB-GFP cells, as expected (Figure 7b). These data
demonstrate that the TRAIL overexpression itself is respon-

Figure 5 Intracellular retention of TRAIL-R1 and -R2 protein and disturbed
DISC formation in resistant cells (a) TRAIL Receptor 1 and 2 mRNA is detectable
in resistant cells. RT-PCR analysis of TRAIL Receptor expression (28 cycles) and
GAPDH (23 cycles) was performed on RNA from BJAB and P693 cells 30 days
after transduction with LV.GFP or LV.TRAIL. (b) At 30 days after transduction,
expression of TRAIL, TRAIL-R1 and -R2 was measured by intracellular staining
and FACS analysis. Cells were fixed, permeabilized, and stained with the
indicated antibodies and a PE-conjugated secondary antibody. Numbers given in
the dot plots are the percentage of cells in the respective quadrants (no
percentage given when o1). (c) TRAIL-R1 and -R2 cell surface expression was
analyzed by FACS in BJAB cells preincubated with FLAG-TRAIL for 30 min.
Bound TRAIL was detected by staining with anti-FLAG M2 antibody. (d) For
DISC analysis, BJAB cells were stimulated with FLAG-TRAIL and M2 for 30 min
at 371C. For immunoprecipitation, cell lysates were incubated with FLAG-TRAIL
and M2, or anti-eGFP and Protein G-Agarose overnight. Eluted proteins were
resolved by SDS-PAGE and Western blotting. h.c.: heavy chain; Asterisks:
unspecific bands
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sible for the retention of the receptors and the induction of
resistance.

Discussion

TRAIL signaling has been studied extensively, as well as
factors influencing sensitivity or resistance towards this
molecule. Applying this knowledge to therapeutic manipula-
tion of apoptosis is promising, especially for the treatment of
human malignant disease.12 Here, we describe a novel

resistance mechanism caused directly by the expression of
the therapeutic gene. Apoptosis induction by TRAIL gene
transfer has been described in a variety of experimental
settings and preclinical tumor models.2,3,27–29 However, long-
term TRAIL expression by a lentiviral system has not been
reported until now. In line with published data, we observed
death receptor-mediated apoptosis in human cancer cell lines
upon TRAIL transduction, mediated by membrane-bound
TRAIL. The TRAIL-expressing virus also induced a higher
percentage of apoptosis than control virus even when
transduction was blocked by AZT. We found TRAIL protein

Figure 6 Intracellular retained TRAIL receptor 2 colocalizes with GFPTRAIL in the ER/golgi complex. P693 cells were transduced with LV.GFP or LV.GFPTRAIL
(green) and cultured for 10 days. Cells were seeded onto glass coverslips, incubated with the ER/golgi marker (blue) BrefeldinA-BODIPY (BFA-B, 200 ng/ml) for 10 min,
fixed, and stained using anti-TRAIL-R2 and anti-mouse-IgG-AlexaFluor 647 (red). The enlarged detail picture corresponds to the white box in the overview picture
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associated with viral particles to be responsible for transduc-
tion-independent cell death, consistent with recent findings
demonstrating that retroviral particles are able to transfer
proteins present in packaging cells.19,30 In this context, it may
be interesting that AZT has been reported to sensitize for
TRAIL-mediated apoptosis in certain cell types.31 Thus, the
transduction-independent cell death may be overestimated in
this particular assay.
The development of apoptosis resistance occurred as early

as 96 h after transduction and was specific towards TRAIL, a
phenomenon hitherto not described. Resistance was caused
by intracellular retention of TRAIL receptors, preventing DISC
formation and caspase-8 activation upon TRAIL stimulation.
Since only TRAIL signaling was affected, the cells remained
sensitive to induction of apoptosis by other stimuli such as
CD95L or cisplatin. This finding corresponds to our recent
results using stable transfection of a Tet-induciblemammalian
expression plasmid for TRAIL.13 Quite similarly, the tumor
cells used in this study also developed specific resistance
towards TRAIL-induced apoptosis suggesting that the under-
lying mechanism may be more common. One might spec-
ulate, that it might be a naturally occurring way by which
TRAIL-overexpressing cells protect themselves from death by
intracellular retention of the respective death receptors. In line
with our assumption, TRAIL receptor expression and TRAIL

sensitivity could be partially restored by RNA interference
against TRAIL. We could, however, not achieve full TRAIL
knock down and resensitization by using RNAi oligonucleo-
tides, presumably due to the high TRAIL mRNA levels
produced by the CMV promoter of the lentiviral TRAIL
construct. These observations, together with the fast devel-
opment of resistance only in transduced cells, the intracellular
retention of TRAIL receptors occurring also in already
resistant BJAB-FADD-DN cells, and the dependence on the
amount of TRAIL surface expression, clearly negate the
possibility of outgrowth of just a few clones with pre-existing
loss of receptor expression, but rather support our proposed
mechanism of outgrowth of the whole transduced bulk
population and caused directly by TRAIL overexpression.
TRAIL resistance has been attributed to a number of
alterations in death signaling, including overexpression of
‘decoy’ receptors,32 FLIP,33 Bcl-2,34 IAPs,35,36 and loss of
caspase-8 expression.37 Although there is no clear correlation
of expression patterns of decoy receptors and TRAIL
sensitivity, their precise role in TRAIL signaling remains
unclear.10 Furthermore, NF-kB activation by TRAIL receptors
has been previously described and implicated in TRAIL-
induced proliferation of TRAIL-resistant cells14 and in induc-
tion of pro-inflammatory cytokines.38 Induction of resistance
by TRAIL gene therapy has not been investigated extensively
although one study16 describes the upregulation of Bcl-xL as
the main resistance factor towards Ad TRAIL expression. We
found a resistance mechanism that works via the specific
inhibition of TRAIL-induced apoptosis at the level of TRAIL-
DISC-associated caspase-8 activation. The alternative
above-mentioned mechanisms may be excluded in our
system, since only TRAIL signaling was affected. CD95 and
TRAIL pathways rely on the same molecules for receptor
proximal events in apoptosis induction.24 Changes in other
effector molecules would influence death signaling down-
stream of caspase-8 or even confer resistance to a broad
range of apoptotic stimuli. However, CD95-mediated and
DNA damage-induced apoptosis was unaffected in TRAIL-
resistant cells. In a recent study, TRAIL resistance due to
intracellular retention of TRAIL receptors was reported.15

Despite similarities to our data, there are fundamental
differences. In our system, resistance occurred within days
upon TRAIL expression, in bulk cultures and only in TRAIL
transduced cells, while Jin et al. performed prolonged
selection of single clones. In addition, the retention of
receptors in cells already resistant to lentiviral TRAIL-induced
apoptosis due defective death receptor signaling excludes the
outgrowth under selection pressure of clones with disturbed
TRAIL death receptor transport and rather points towards the
direct involvement of TRAIL overexpression. Our data
strongly suggest induction of TRAIL-specific resistance by
intracellular interaction of overexpressed TRAIL and endo-
genous TRAIL death receptors, leading to retention of the
receptors within the ER/golgi complex. This retention me-
chanism resembles the phenomenon of retroviral super-
infection interference,39 which is caused by intracellular
interaction of the endogenous receptor and a virally over-
expressed ligand, the envelope protein. Ultimately, this leads
to loss of surface expression of the receptor, preventing
further infection with the same type of virus. Despite

Figure 7 TRAIL siRNA partially restores TRAIL receptor 1 and 2 expression
and TRAIL sensitivity. (a) BJAB cells transduced with LV.GFP (BJAB-GFP) or
LV-TRAIL (BJAB-TRAIL) were transfected with a control siRNA (co, filled
histograms) or a TRAIL-specific siRNA (TRAIL, open histograms) together with a
Cy3-labeled control siRNA. At 72 h post-transfection, surface expression was
analyzed by FACS using unspecific (isotype), TRAIL-, TRAIL-R1- and TRAIL-R2-
specific primary and APC-conjugated secondary antibodies, and 7-AAD. Analysis
included only viable transfected cells (Cy3þ /7-AAD�). (b) Cells were transfected
as indicated above and either left untreated (co) or stimulated after 48 h for 24 h
with 100 ng/ml recombinant TRAIL (TRAIL). Apoptosis was measured by staining
with Annexin V-biotin and Streptavidin-APC. Analysis included only viable
transfected cells (Cy3þ /7-AAD�)
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intracellular colocalization and very likely also interaction of
TRAIL and TRAIL-R2, this did not result in detectable
signaling by TRAIL-R2. Caspase-8 was not associated with
TRAIL-R2 protein precipitated from GFPTRAIL overexpres-
sing cells. Possibly, TRAIL death receptor signaling requires
additional factors present only at the plasma membrane, but
not at the membranes of intracellular compartments, or is
otherwise dependent on the surrounding cellular compart-
ment and can only be started at the plasma membrane.
Receptor internalization has been observed for CD95 and
TNF-receptor and suggested to be important for signal-
ing.40,41 Although the role of receptor internalization in
signaling remains controversial, this points to the importance
of the site of signaling initiation within TNF-receptor family
members. Autocrine apoptosis induction by TRAIL has been
reported in ‘helpless’ CD8þ T-cells.42 In this case, s TRAIL
mediated the observed AICD. The finding that expression of
membrane bound TRAIL in cells which normally do not
express TRAIL can cause TRAIL resistance thus demon-
strates that TRAIL effector function, especially in an autocrine
manner, might be regulated at multiple levels. These include
protein expression, protein sorting, cleavage of the protein to
the s form and exocytosis of stored s TRAIL. Further analysis
of these processes might provide valuable insights into the
function of the TRAIL system and its biological role.
In line with our data, intracellular colocalization of the ligand

with its receptors was shown upon adenoviral transfer of a
GFP-tagged CD95L.43 In this case, no resistance towards
CD95-mediated apoptosis was found since intracellular CD95
triggering was reported. However, alternative effectors might
be involved in this case, since functional participation of
molecules involved downstream in CD95 signaling was not
reported. Also, this might represent fundamental differences
of TRAIL and CD95 signaling with respect to possible sites of
signaling initiation. Differences in experimental parameters
and expression kinetics between the system, we describe
here and published data on TRAIL gene transfer are also
important for the observation of resistance. Gene expression
by adenoviral vectors happenswithin hours after transduction.
In contrast, lentiviral vectors may take up to 24 h for gene
expression44 due to reverse transcription and integration.
Upon transduction of the majority of cells at high multiplicity of
infection (MOI), the fast kinetics and high expression levels
achieved by adenoviral vectors may lead to immense cell
death shortly after transduction,2 and thereby prevent the
detection of resistance. In contrast, the lentiviral system used
in this study may have allowed for the outgrowth of resistant
cells due to slower expression kinetics and stable TRAIL-
expression.
TRAIL gene transfer into tumor cells is currently discussed

as a promising anti-tumor approach. Our findings prompt for
reconsideration of this approach as monotherapy. Since
combination with chemotherapy has been shown to greatly
enhance TRAIL gene therapy efficacy,29 application of this
combination in a human therapy setting appears to be far
more promising. We would like to point out that our findings
may also lead to the development of more effective, combined
gene therapy approaches, for example, using TRAIL in
combination with a suicide gene, such as hsv-tk or Escher-
ichia coli cytosine deaminase: viral expression of TRAIL might

kill the majority of tumor cells, while only transduced cells
become resistant and grow out. The heavily enriched
transduced population of a tumor might subsequently be
killed by prodrug application, leading to much more efficient
tumor cell eradication than either of the gene therapeutic
approaches alone.

Materials and Methods

Cell culture

Cell culture media (PAA, Pasching, Austria) was supplemented with 10%
heat-inactivated FCS (Sigma, Deisenhofen, Germany), 2 mM L-glutamine
(PAA), 10 mM HEPES (PAA) and 2.5mg/ml Plasmocin (InvivoGen, San
Diego, USA). For virus production, DMEM with 4 mM L-glutamine was
used. Cells were cultured at 371C and 5% CO2. BJAB control (co) cells
and BJAB cells expressing dominant negative FADD (FADD-DN),13,45 BL-
60 cells,24 Jurkat JA3 wt, and caspase-8 deficient Jurkat JA3 cells46 were
cultured in complete RPMI. P693 non-small cell lung cancer cells,47

MIAPACA pancreatic carcinoma cells (kindly provided by H Friess), P5
cervix carcinoma cells,48 and HEK 293T49 cells were cultured in complete
DMEM.

Antibodies and reagents

Antibodies used were mouse monoclonal anti-TRAIL 2E5 (FACS) and
HS501 (Western blotting), anti-TRAIL-R1, -R2, -R3 and -R4, clones HS
101, HS 201, HS 301, HS 401 (FACS) (all from Alexis, Grünberg,
Germany), anti-Actin (C-4) (ICN, Eschwege, Germany), anti-CD3-
CyChrome (Becton Dickinson, Heidelberg, Germany), anti-eGFP (JL8)
(Clontech, Heidelberg, Germany), anti-FLAG M2, IgG1 isotype control
(MOPC 21) (both from Sigma), anti-HIV gag p24,50 anti-APO-1, anti-
FLICE C15 and anti-FLIP NF6,51,52 rabbit polyclonal anti-DR4 (CT)
(Western blotting) (Alexis), anti-DR5 (Western blotting) (Sigma), anti-
mouse-IgG-R-PE (Caltag, Burlingame, CA, USA), anti-mouse-Ig-HRP
(SantaCruz, Heidelberg, Germany), anti-rabbit-Ig-HRP (Southern
Biotechnologies, Birmingham, AL, USA), anti-mouse-IgG-AlexaFluor647
and Brefeldin A-BODIPY (Molecular Probes, Eugene, OR, USA). All other
chemicals were from Sigma or Carl Roth (Karlsruhe, Germany).

Transfection, virus preparation and titer
determination

Vector stocks were produced according to previously described
protocols53,54 with modifications. 1.8� 107 293T cells in T150 flasks
were transfected with 20mg transfer vector, 14mg pCMVÄR89.1 helper
plasmid and 7 mg pMD.2 envelope plasmid by CaPO4 precipitation. The
supernatant was collected 24 h and 48 h after transfection, cleared by
filtration (0.45 mm, Millipore, Bedford, MA, USA) and concentrated by
ultracentrifugation (140 min, 20000 rpm, SW28 rotor). The pellet was
resuspended in PBS/0.1% BSA, stored at �701C, and titered by infection
of 293T cells with serial dilutions and subsequent FACS analysis
(FACSCalibur, Becton Dickinson). Titers achieved ranged from 5� 108–
4� 109 Infectious Units (IU)/ml.

Transduction of cultured cells

Cells were seeded in six-well plates at 2� 105–2� 106 cells per well in 2–
5 ml complete medium containing 4mg/ml Polybrene and virus was added.
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AZT was used at 5 mg/ml. The plates were centrifuged at 1200 rpm, 321C
for 1 h and incubated at 371C. Medium was changed after 6–16 h.

Stimulation of cells

Solutions of cisplatin in DMSO, FLAG-TRAIL, LZ-TRAIL,5 and anti-
APO-155 in PBS were used for stimulation at concentrations and times
indicated.

Plasmid construction and preparation

All lentivirus (LV) plasmids were derived from the plasmid pWPTS-eGFP
(kind gift from D Trono, Geneva) and contained HIV-1 derived 50-LTR,
packaging signal, RRE (Rev responsive element), cPPT/CTS and SIN 30-
LTR, and the WPRE (Woodchuck hepatitis virus posttranscriptional
regulatory element) element.18,56 LV.GFP was constructed by replacing
the eGFP sequence and the EF1á promoter in pWPTS-eGFP with the
CMV-IRES-eGFP cassette from pIRES2-eGFP (Clontech, Heidelberg,
Germany). LV.TRAIL was constructed by inserting a full-length human
TRAIL cDNA13 in between the CMV promoter and the IRES element.
LV.GFPTRAIL was constructed by replacing the IRES-GFP cassette from
LV.GFP with the GFP-TRAIL fusion protein cDNA,57 kindly provided by Dr
B Fang, Houston, USA. Plasmid DNA was prepared using GenElute kits
(Sigma), precipitated and dissolved in sterile water.

Measurement of apoptosis and flow cytometry

Apoptosis was measured by flow cytometry using the Nicoletti method,58

by staining with AnnexinV-PE or AnnexinV-Biotin and Streptavidin-APC
(Becton Dickinson) according to the manufacturer’s instructions, or by
recording the FSC/SSC profile of PI-negative cells. Experiments were
performed at least three times in triplicate and values given are the mean
of triplicates7S.D. For antibody stainings, primary antibody was used at
5mg/ml and goat-anti-mouse-IgG-R-PE at 1 : 50 dilution. For intracellular
stainings, the BD Intrastain kit (Becton Dickinson) was used according to
the manufacturer’s instructions. In all, 2� 105 cells per sample were used
and at least 1� 104 cells were measured (FACScalibur and CellQuest
software, Becton Dickinson).

MTT assay

In all, 2� 104 cells in 100 ml were plated in 96-well plates and stimulated.
10ml (10 mg/ml in PBS) of MTT (Sigma) were added and cells were further
incubated for 4 h. 100 ml Isopropanol/0.04 N HCl were added, incubated at
371C for 5 min and 1 h at room temperature on a shaker. The optical
density (550 nm) of wells was measured with an ELISA reader.

Preparation of cell lysates, immunoprecipitation
and Western blot

Cell lysis and immunoprecipitation was carried out as described.24 2 mg of
anti-eGFP- or anti-FLAG-M2-antibody and 1 mg FLAG-TRAIL were used.
Eluted proteins or cell lysates were separated on 12% polyacrylamide
gels, and transferred to nitrocellulose membranes (Amersham Bio-
sciences, Freiburg, Germany) by semidry electroblotting. The membranes
were blocked in 5% skim milk in PBS/0.02% Tween 20, incubated for 2 h at
room temperature with the first antibody, 30 min with the second antibody
and developed using enhanced chemoluminescence (Perkin Elmer,
Rodgau, Germany).

Caspase-8 assay

For determination of caspase-8 activity by IETD-AFC cleavage, the
ApoAlert kit (Clontech) was used according to the manufacturer’s
instructions. AFC fluorescence was measured using a Victor fluorometer
(Perkin Elmer, Rodgau, Germany).

RT-PCR

Total RNA was harvested (RNeasy kit, Qiagen, Hilden, Germany),
converted to cDNA and PCR was performed as previously described.48

Primers were TRAIL receptor 1: gttgttgcatctcatcaggttgt and gaggcgttccgtc
caggtttgttg, yielding a 490 bp fragment and spanning exon–intron
boundaries. TRAIL receptor 2: tggccccacaacaaaagaggtc and cagccc
caggtcgttgtgagc, yielding a 603 and 520 bp fragments for the two
described transcript variants and spanning exon–intron boundaries.
GAPDH: ccacccatggcaaatttctccatggca and tctagacggcaggtcaggtccacc
(600 bp).

Immunofluorescence analysis

Cells were grown on 5 mm diameter coverslips, fixed with 4%
paraformaldehyde, washed with PBS, quenched with 50 mM NH4Cl in
PBS, washed and permeabilized with 0.1% Saponin/10% FCS in PBS.
Slides were incubated with primary antibody for 1 h, washed and
incubated with secondary antibody for 1 h, washed again, mounted in
Fluoromount G (Southern Biotech, Birmingham, Al, USA) and examined
by confocal microscopy (Leica TSL, Leica Microsystems, Bensheim,
Germany).

Transient SiRNA transfection

SmartPools siRNA directed against TRAIL or smartPools control siRNA
(Dharmacon, Lafayette, CO, USA) were co-transfected at a ratio of
4 : 1with a Cy3-labeled RISC-frees (Dharmacon) RNA into BJAB cells
using the AMAXA nucleofector kit V (Amaxa, Cologne, Germany). 48–72 h
post-transfection, cells were used for the respective assays, and only
viable (7-AAD�) transfected (Cy3þ ) were analyzed.
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