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ABSTRACT
Apo2 ligand tumor necrosis factor-related apoptosisinducing ligand (Apo2L/TRAIL) is a member of the tumor
necrosis factor family that interacts with cell surface “death
receptors” (DR4 and DR5) to initiate programmed cell
death. Apo2L/TRAIL also binds to “decoy” receptors (DcR1
and DcR2) that can antagonize its interaction with DR4 and
DR5. In recent studies, Apo2L/TRAIL has been noted to
produce selective toxicity toward certain neoplastic cells
versus normal cells. The decoy receptors may in part contribute to this selectivity, because they are expressed in
various normal tissues but are present at low or undetectable levels in certain types of neoplastic cells. In the current
study, we examined the potential therapeutic applicability of
recombinant soluble Apo2L/TRAIL by investigating its effects in vitro and in vivo against a series of cell lines derived
from malignant gliomas, which are often resistant to conventional treatment modalities. In cell proliferation assays,
Apo2L/TRAIL produced a striking decrease in cell numbers, with a median inhibitory concentration of 30 –100
ng/ml, in the TP53 wild-type high-grade glioma cell lines
U87 and A172, the TP53-mutated T98G, and the TP53deleted LN-Z308. In contrast, no significant effects were
observed in non-neoplastic astrocytes at concentrations up
to 3000 ng/ml. Clonogenic assays showed that exposure to
Apo2L produced a time-dependent decrease in the viability
of glioma-derived cell lines. This correlated with the induction of apoptosis as assessed by a terminal transferasecatalyzed in situ end-labeling assay. Pretreatment of the cells
with the caspase inhibitors Acetyl-Asp-Glu-Val-L-aspartic
acid aldehyde or Acetyl-Tyr-Val-Ala-Asp-chlormethylketone (200 M) largely eliminated the effects of Apo2L/
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TRAIL. Administration of Apo2L/TRAIL (0.3, 1, 3, 10, and
30 mg/kg/day for 7 days via i.p. infusion) to nude mice
harboring established intracranial U87 xenografts produced
a significant, dose-dependent prolongation of survival versus
control animals. Survival in the control group was 27 ⴞ 1.7
days, compared with more than 50 days in each of the
treatment groups (P < 0.001). At the 30 mg/kg dose level,
100% of animals survived for 120 days without evidence of
tumor, a substantial improvement in comparison with lower
dose levels (P < 0.01). No overt toxicity was apparent even
at the highest Apo2L dose. We conclude that soluble Apo2L/
TRAIL is effective in inducing apoptosis in high-grade glioma cells in vitro. Because this ligand appears to exhibit
selective cytotoxicity for glioma cells versus non-neoplastic
cells in vitro and demonstrates significant activity in vivo
when administered systemically in an otherwise uniformly
fatal central nervous system glioma model system, Apo2L
may constitute a useful therapeutic agent for these challenging tumors.

INTRODUCTION
Neoplasia results in part from suppression of the normal
intracellular mechanisms for triggering apoptotic signaling (1,
2). In malignant glioma, the most common form of primary
central nervous system neoplasia (3), a variety of factors have
been implicated in mediating resistance to apoptosis. In particular, the p53 protein, which is a critical facilitator of DNA
damage-induced apoptosis (2, 4, 5), is mutated or deleted in as
many as 50% of high-grade gliomas (6, 7). In addition, glioma
cells are able to avoid the induction of apoptosis resulting from
mitogen depletion as a result of their autocrine growth stimulation through a number of growth factor/receptor interactions,
including platelet-derived growth factor (8, 9), fibroblast growth
factor (10, 11), and insulin-like growth factor (12, 13), as well
as their frequent overexpression of a mutated, constitutively
activated epidermal growth factor receptor (14).
The suppression of endogenous apoptosis-triggering mechanisms allows glioma cells with severe DNA damage to survive
and propagate, transmitting progressively more malignant features to their progeny. This may in part account for the resistance of gliomas to conventional chemotherapy and radiotherapy
(3, 15). However, because the effector arm of the apoptotic
machinery often remains intact, these cells can be induced to
undergo apoptosis by direct stimulation of cell death receptors
of the TNFR3 superfamily (16, 17), such as Fas (Apo1) and
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The abbreviations used are: TNFR, tumor necrosis factor receptor;
Apo2L, Apo2 ligand; TRAIL, TNF-related apoptosis-inducing ligand;
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
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TNFR1 (18). Unfortunately, the clinical applicability of this
approach has been limited. Attempts to kill neoplastic cells in
vivo by stimulating TNFR1 or Fas/Apo1 have produced excessive toxicity. TNF causes a severe systemic inflammatory syndrome, whereas Fas activation causes lethal liver damage (16,
19, 20).
More recent studies (21–23) have identified a TNF-related
molecule, referred to as Apo2L or TRAIL, that interacts with
two TNFR-related cell death receptors (DR4 and DR5) and
appears to selectively mediate apoptotic signaling on certain
neoplastic cells relative to normal cells (24 –29). One mechanism that may in part account for this selectivity is the preferential expression of “decoy” receptors, such as DcR1 and DcR2,
in normal versus neoplastic cells (25–27, 29 –33). These decoy
receptors compete effectively with DR4 and DR5 for extracellular ligand binding but lack a functional cytoplasmic domain
and, thus, cannot initiate apoptotic signaling.
The aims of the present study were to examine the utility of
recombinant soluble Apo2L/TRAIL for selectively killing glioma cells versus non-neoplastic astrocytes in vitro and to evaluate the activity of this ligand for inhibiting tumor growth in a
central nervous system tumor model system. The rationale for
these studies was supported by recent observations that a majority of glioma cell lines express agonist receptors for Apo2L/
TRAIL (i.e., DR4 and DR5) but express low or undetectable
levels of antagonist receptors (i.e., DcR1 and DcR2; Ref. 34).
Given the poor sensitivity of glial tumors to conventional therapeutic approaches (3, 15), the identification of a novel strategy
for selectively inducing apoptosis in glioma cells could provide
a powerful therapeutic tool for this type of cancer. These experiments demonstrated potent induction of cytotoxicity in glioma cells by Apo2L/TRAIL in vitro with no obvious toxicity in
non-neoplastic astrocytes, as well as significant antitumor activity in vivo, which supports the potential therapeutic utility of
this agent.

MATERIALS AND METHODS
Cell Culture. The TP53-wild-type human malignant glioma cell lines A172 and U87 and the TP53-mutated T98G were
obtained from the American Type Culture Collection. LN-Z308,
a TP53-deleted glioma cell line, was kindly provided by Dr.
Nicolas deTribolet (University of Lausanne, Lausanne, Switzerland). Each of these cell lines was maintained in growth medium
consisting of ␣-MEM supplemented with L-glutamine, ribonucleosides, deoxyribonucleosides, 10% FCS (Life Technologies, Inc.), and the following antimicrobial agents: 100 IU/ml
penicillin, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B. Cultures were maintained at 37°C in a humidified
atmosphere with 5% CO2 in air and subcultured every 4 to 7
days with 0.25% trypsin in HBSS (Life Technologies, Inc.).
A low passage non-neoplastic astrocyte cell line (N49) was
derived from a temporal lobectomy specimen in a patient with
intractable seizures. A portion of the surgical specimen was

sulfophenyl)-2H-tetrazolium; Ac-DEVD-CHO, acetyl-Asp-Glu-Val-Laspartic acid aldehyde; Ac-YVAD-CMK, acetyl-Tyr-Val-Ala-Aspchlormethylketone.

finely dissected to remove blood and leptomeninges, cut into
pieces approximately 1 mm3 in diameter, and dissociated by
incubation for 1 h at 37°C in 0.25% trypsin, 0.02% DNase.
Dissociated cells were filtered through 100-m nylon mesh and
then cultured for 48 h in growth medium. Medium containing
nonadherent cells was removed, and fresh medium was applied.
Cells were split after reaching confluence. Cultures were found
to contain more than 95% glial fibrillary acidic protein positive
cells and were stored as aliquots in liquid nitrogen, so that
studies could be performed on cells that had been passaged less
than 10 times in culture.
MTS Assay of Cell Numbers After Apo2L/TRAIL
Treatment. A colorimetric assay was used in each of the
aforementioned cell lines to assess the effect on cell numbers of
a range of concentrations of homotrimeric soluble Apo2L/
TRAIL (amino acids 114 –281), which was produced in Escherichia coli (Genentech, South San Francisco, CA). Details
regarding the expression and purification procedures used have
been reported previously (35). For these studies, 5 ⫻ 104 cells
were plated, grown for 12 h in 100 l of growth medium in
96-well microtiter plates (Costar, Cambridge, MA), and then
treated for 4 days with various concentrations of Apo2L. A
stock solution of 0.62 mg/ml in a vehicle of 20 M sodium
acetate, 8% trehalose, and 0.01% Tween (pH 5.5) was diluted in
growth medium for all of the studies. Control cells were treated
with the concentration of vehicle used at the highest Apo2L/
TRAIL dose level. All of the studies were performed in triplicate on two separate occasions.
After a 4-day incubation period, the number of viable cells
was determined by measuring the bioreduction by intracellular
dehydrogenases of the tetrazolium compound MTS in the presence of the electron-coupling reagent phenazine methosulfate.
MTS and phenazine methosulfate were added to the culture
wells as per the supplier’s protocol (Promega, Madison, Wisconsin), and the mixture was incubated for 3 h at 37°C in a
humidified 5% CO2 atmosphere. Absorbance at 490 nm was
measured using an ELISA microplate reader. The assay was
linear over the range of cell numbers examined. Cell counts
were calculated by direct comparison of the measured absorbances with those obtained in triplicate wells containing a range
of predetermined cell numbers, which were subjected to the
above assay in parallel with the test samples in each study.
Clonogenic Assay. A direct assessment of the effect of
selected concentrations of Apo2L/TRAIL on cell viability was
performed using a clonogenic assay. For these studies, 250 U87,
T98G, and LN-Z308 cells were plated and, after an overnight
attachment period, grown as described above with selected
concentrations of Apo2L/TRAIL for periods of 6 h and 4 days.
Each of these cell lines has a plating efficiency in the range of
35 to 45%. After the Apo2L/TRAIL treatment period, the cells
were washed with Apo2L-free medium and grown in serumsupplemented medium for an additional 2-week period. The
plates were then stained with crystal violet, and colonies were
counted. All of the studies were performed on two separate
occasions.
Terminal Transferase-catalyzed in Situ End-labeling
Technique. The percentage of U87 glioma cells and N49
non-neoplastic astrocyte cells undergoing apoptosis after 6, 12,
24, 48, 72, and 96 h of inhibitor treatment was examined using
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Fig. 1 Effect of Apo2L on growth of glioma cell lines. The relationship between Apo2L concentration and cell numbers, as assessed by a
spectrophotometric measurement of MTS bioreduction, is illustrated in the U87, A172, T98G, and LN-Z308 malignant glioma cell lines. Points
represent the mean of three measurements; bars, ⫾ SD. Y axes vary between cell lines to illustrate the response range observed. No significant
inhibition was detected in control cells treated with the concentration of vehicle used at the highest Apo2L/TRAIL dose level; control values are
indicated as f on the right border of each graph. All of the results were confirmed in a second, independent experiment.

terminal transferase-catalyzed in situ end-labeling of endonuclease-cleaved DNA fragments. Control cells were treated with
vehicle alone. This technique (ApopTag Plus In Situ Apoptosis
Detection Kit; Oncor, Gaithersburg, MD) stains apoptotic cells
by immunoperoxidase detection of digoxigenin-labeled genomic
DNA fragments. Negative and positive controls were included
with all of the samples.
Cells (6 ⫻ 104) were plated on 8-well chamber slides and,
after attachment, treated with Apo2L/TRAIL. At the above time
points, cells were washed in PBS (pH 7.4), fixed in 4% neutral
buffered formalin for 10 min at room temperature, and washed
again in PBS. After quenching of endogenous peroxidase, slides
were washed in PBS and subjected to terminal deoxynucleotidyl
transferase-catalyzed end labeling as per the supplier’s protocol.
This approach adds digoxigenin-nucleotide residues to both
ends of the nucleosome-sized apoptotic DNA fragments. For
negative controls, water instead of terminal deoxynucleotidyl
transferase enzyme was applied. After the labeling reaction was
completed, slides were washed in PBS, and end-labeled fragments were localized using an anti-digoxigenin antibody-peroxidase conjugate. Binding was visualized using diaminobenzidine as a substrate. Specimens were then washed in PBS and,
subsequently, in distilled water and counterstained with methyl
green. The specimens were then washed, dehydrated in xylene,
and mounted. Cells were considered to have apoptotic staining
if they exhibited labeling in the context of morphological evidence of condensed nuclear fragments. Direct counting of
apoptotic and nonapoptotic cells was performed using an Olympus BH-2 microscope. At least 500 cells were counted/slide.

The Effect of Caspase Inhibition on Apo2L/TRAILmediated Cytotoxicity. To confirm that the effects of Apo2L/
TRAIL on glioma cells were mediated by signaling through
caspase cascades, rather than by a nonspecific toxic effect of the
compound, we examined the effect of inhibiting caspase 1
(interleukin-1␤-converting enzyme) and caspase 3 (apopain;
CPP32) on Apo2L-induced cytotoxicity. For these studies, cells
were preincubated for 30 min with inhibitors of caspase 1
(Ac-YVAD-CMK) or caspase 3 (Ac-DEVD-CHO) at concentrations of 200 M each (36). Both inhibitors were obtained
from Bachem Bioscience Inc. (King of Prussia, PA). After the
preincubation period, cells were treated with various concentrations of Apo2L for 4 days. The caspase inhibitors were added
again to the medium after 48 h of incubation. Cell numbers were
then determined at the conclusion of the incubation period using
an MTS cell quantitation assay, as noted above.
Assessment of Antiproliferative Activity in a Nude
Mouse Glioma Model. In vivo assessment of the effect of
Apo2L on glioma growth was performed using a nude mouse
intracranial model of the U87 glioma cell line (37). Four-weekold nu/nu mice (obtained from the National Cancer Institute)
were anesthetized with ketamine (100 mg/kg) and acepromazine
(0.02 mg/kg) and immobilized in a stereotactic frame. Through
a small right paramedian scalp incision, an opening was made in
the frontal bone using a 20-gauge needle tip. U87 cells (2 ⫻ 105)
in 10 l of PBS were injected stereotactically into the right
frontal lobe to a depth of 2.5 mm using a Hamilton syringe. This
dose of cells produces virtually 100% tumor take in the nude
mouse system in our laboratory, as well as elsewhere (37), and
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Fig. 2 Effect of Apo2L on growth of a non-neoplastic astrocyte cell
line. The relationship between Apo2L concentration and cell numbers is
assessed as in Fig. 1. Values in control cells treated with the concentration of vehicle used at the highest Apo2L/TRAIL dose level are
indicated on the right border of the graph.

typically induces tumors that manifest with contralateral hemiparesis within 3 to 4 weeks.
Seven days after tumor implantation, animals were randomly chosen to receive either vehicle (n ⫽ 12) or one of five
doses of Apo2L (0.3, 1, 3, or 10 mg/kg/d; n ⫽ 4 for each group;
or 30 mg/kg/d; n ⫽ 6), administered daily for 7 days by i.p.
bolus infusion in a volume of 350 l.
The mice were examined at least three times/week and
were sacrificed when they manifested severe hemiparesis or
⬎20% weight loss. The brains were examined to confirm that
the cause of death was tumor growth (rather than infection) in
each case. Survival curves for the drug-treated and control
animals were compared using a rank-sum test, and survival
durations in the treatment and control groups were compared
using Student’s t test. All of the animal studies were approved
by the Animal Research and Care Committee of the Children’s
Hospital of Pittsburgh.

RESULTS
A colorimetric assay was performed to determine the effect
of a wide range of Apo2L/TRAIL concentrations on cell numbers after a 4-day culture period in a series of malignant glioma
cell lines and non-neoplastic astrocytes. These studies demonstrated a substantial drop-off in viable cell numbers in each of
the four glioma cell lines tested with a median effective concentration of 30 to 100 ng/ml in the TP53 wild-type A172 and
U87 cell lines, the TP53-mutated T98G cell line, and the TP53deleted LN-Z308 cell line. Representative results for each cell
line are shown in Fig. 1. No significant decrease in cell numbers
was observed in control cells treated with the concentration of
vehicle used at the highest Apo2L/TRAIL dose level. Although
these studies showed some variation in the degree to which cell
numbers were decreased by Apo2L/TRAIL treatment, this effect
did not correlate with differences between the cell lines in the

Fig. 3 Effect of Apo2L on clonogenic growth of glioma cell lines. The
relationship between colony counts and Apo2L concentration in the
U87, T98G, and LN-Z308 cell lines is shown. Cells were treated with
Apo2L for 6 and 96 h and then grown for an additional 14 days in the
absence of the ligand. Colonies were then counted. These results were
confirmed in a second, independent experiment.

patterns of agonist or antagonist receptor expression as assessed
by reverse transcription-PCR (data not shown).
In contrast to the striking decline in cell numbers seen in
the four glioma cell lines, Apo2L/TRAIL produced no significant effect on cell numbers in a non-neoplastic astrocyte cell
line, even with concentrations as high as 3000 ng/ml (Fig. 2).
The inhibitory effects observed in the glioma cell lines
were associated with the induction of cytotoxicity by Apo2L/
TRAIL, as evidenced by a concentration-dependent and exposure time-dependent decline in clonogenic activity in the TP53
wild-type U87 cell line, the TP53 mutant T98G cell line, and the
TP53-deleted LN-Z308 cell line (Fig. 3). Although there was
only a modest decline in clonogenic activity with 6-h exposures,
96-h treatment intervals produced a sharp decrease in clonogenic activity with concentrations in the range of 30 to 300
ng/ml (Fig. 3). These results were confirmed in a second,
independent experiment.
This cytotoxicity correlated with the induction of apoptosis
as assessed by a terminal transferase-catalyzed in situ endlabeling reaction. U87 glioma cells treated with Apo2L/TRAIL

Downloaded from clincancerres.aacrjournals.org on April 19, 2021. © 2001 American Association for Cancer
Research.

1366 Effect of Apo2L on Glioma Cytotoxicity

Fig. 4 Time course of apoptosis induction by Apo2L (A).
Apoptotic percentage, assessed
by terminal transferase-catalyzed end labeling of DNA
fragments, after various intervals of exposure to 300 ng/ml
of Apo2L in U87 malignant glioma cells and N49 non-neoplastic astrocyte cells is shown.
Whereas the apoptotic labeling
percentage reached 30% in U87
glioma cells after 24 h of exposure to Apo2L/TRAIL and remained elevated (96-h result is
illustrated in B), the labeling
percentage remained less than
3% in non-neoplastic astrocytes, even after extended intervals of Apo2L treatment, as
well as in vehicle-treated control glioma cells (96-h result is
shown in C).

showed a significant increase in apoptotic labeling that was not
apparent in non-neoplastic astrocytes or in vehicle-treated control cells (Fig. 4). The percentage of U87 cells that exhibited
apoptotic labeling increased approximately 5-fold from 6 to
29% between 6 and 24 h after beginning Apo2L treatment and
continued to increase more slowly thereafter (Fig. 4, A and B),
whereas non-neoplastic astrocytes (N49 cells) exhibited apoptotic labeling percentages of less than 3% at each of the time
points examined. As illustrated in Fig. 4C, the apoptotic percentage of vehicle-treated control U87 cells was also less than
3%, even at the 96-h time point.
The cytotoxic effects of Apo2L were associated with activation of caspases, which are downstream mediators of apoptotic signaling. Inhibition of these proteases by the tetrapeptide
inhibitors Ac-YVAD-CMK and Ac-DEVD-CHO substantially
attenuated the effects of Apo2L on glioma cell numbers at
concentrations up to 1000 ng/ml (Fig. 5).
In view of the significant activity of Apo2L against glioma
cell lines in vitro and the selective toxicity observed in comparison with non-neoplastic astrocytes, we examined the activity of

this agent in vivo using a human U87 glioma xenograft model.
Kaplan-Meier survival curves for the control animals and those
treated with various concentrations of Apo2L are shown in Fig.
6. Whereas median survival in control animals was 27 ⫾ 1.7
days, median survivals for animals receiving Apo2L/TRAIL at
doses of 0.3, 1, 3, 10, and 30 mg/kg/d for a 7-day period were
each ⬎50 days after tumor implantation (55 ⫾ 2.5 days, 58 ⫾
2.5 days, 60 ⫾ 4.5 days, 67 ⫾ 15 days, and ⬎120 days,
respectively). All of the four animals in the 0.3-mg/kg/d group
survived between 53 and 59 days after tumor implantation,
whereas the four animals in the 1-mg/kg/d group survived
between 56 and 62 days. In the 3-mg/kg/d group, survival
ranged between 55 and 65 days. In the 10-mg/kg/d group, one
animal died at 48 days without obvious signs of intracranial
tumor; the other three animals survived between 62 and 89 days.
All of the animals in the 30-mg/kg/d group exhibited long-term
(⬎120 day) survival without evidence of tumor or signs of
toxicity. Differences between survival of control animals and
those receiving Apo2L/TRAIL were statistically significant
(P ⬍ 0.001, Student’s t test for survival duration; P ⬍ 0.01,
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Fig. 6 Effect of Apo2L on survival of nude mice after intracranial
implantation of U87 glioma cells. Kaplan-Meier survival curves for
control animals and those treated with various concentrations of Apo2L
are shown. Differences between control and each of the Apo2L-treated
groups were statistically significant (P ⬍ 0.001) as were the differences
between the survival of animals in the 30 mg/kg/day-group and those
receiving lower doses.

Fig. 5 Effect of caspase inhibitors on the activity of Apo2L. After
pretreatment with Ac-YVAD-CMK or Ac-DEVD-CHO, U87 and LNZ308 glioma cells were treated with Apo2L, and cell numbers were
assessed as in Fig. 1.

rank-sum test for differences in survival curves). Differences in
survival duration between the 30-mg/kg/d group and the groups
that received lower doses were also statistically significant (P ⬍
0.01). On microscopic examination, the brains of long-term
survivors showed no evidence of either residual tumor or other
histological abnormalities.

DISCUSSION
Although apoptosis functions to eliminate irreparably damaged or potentially deleterious cells (38 – 40), neoplastic cells
often are resistant to the normal molecular triggers for apoptosis,
such as DNA damage and mitogen depletion. Because death
receptors such as TNFR1 and Fas/Apo1 directly stimulate the
caspase cascade leading to apoptosis, selective targeting of such
receptors provides a potential strategy for destroying tumor
cells, which may be particularly useful for neoplasms such as
malignant glioma, that are largely refractory to conventional
therapeutic modalities (3, 15). Unlike radiotherapy or conventional chemotherapy, direct stimulation of death signaling induces killing in a p53-independent fashion, thus circumventing
the obstacle provided by TP53 mutations in a significant percentage of tumors (18). Unfortunately, early efforts to stimulate
TNFR1 in vivo using systemic TNF infusion produced a severe
inflammatory response resembling septic shock, which was
thought to be attributable to activation of pro-inflammatory
transcription factors, such as nuclear factor B, in macrophages
and endothelial cells (16). Stimulation of Fas/Apo1 using an
antibody capable of cross-linking the receptor was also shown to

be lethal in murine models, possibly because of the high levels
of Fas/Apo1 expression in normal cells, such as hepatocytes
(19, 20).
Recent studies (24 –29) have identified additional cell
death receptors that may provide much more selective targets
for tumor killing, namely DR4 and DR5 (Apo2). Although these
receptors are ubiquitously expressed, they appear to mediate
selective killing of certain tumor cells versus normal cells upon
binding of their ligand, Apo2L/TRAIL. One mechanism that
may contribute to this selectivity is the existence of “decoy”
receptors for Apo2L (25–27, 29 –32), such as DcR1 and DcR2.
These receptors are expressed in many normal tissues, in which
they may prevent induction of apoptotic signaling by Apo2L/
TRAIL. In contrast, several types of neoplastic cells, including
many glioma cell lines (34), express low or undetectable levels
of these decoy receptors, which may render such cells selectively vulnerable to Apo2L/TRAIL-mediated toxicity compared
with normal cells. An additional mechanism that may regulate
sensitivity to Apo2L involves expression of the c-FLIP protein,
which inhibits apoptotic signaling by death receptors (41).
In the current study, we explored the efficacy of recombinant soluble Apo2L/TRAIL as a means for producing selective
toxicity in glioma cells versus non-neoplastic astrocytes. These
studies showed a median effective concentration for decreasing
cell numbers that ranged from 30 to 100 ng/ml (0.5–1.7 nM) in
four glioma cell lines, including one with mutated TP53 and one
with deleted TP53. Although there was some difference between
the cell lines in the magnitude of the effects observed, this does
not appear to relate directly to their pattern of expression of the
agonist receptors DR4 and DR5 or the decoy receptors DcR1
and DcR2 (34).
In contrast to the significant effects observed in gliomaderived cell lines, 100-fold higher concentrations of Apo2L
produced no significant decrease in the numbers of nonneoplastic astrocytes. These results contrast with those of
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Walczak et al. (42), in which some toxicity was observed in
non-neoplastic astrocytes treated with a fusion protein that contained the extracellular sequence of Apo2L/TRAIL (amino acids
95–281) linked to a trimerizing leucine zipper expressed in
Chinese hamster ovary cells. However, a recent report (35)
involving the same TRAIL preparation used in the current study,
specifically a homotrimeric soluble TRAIL containing a shorter
extracellular domain (amino acids 114 –281) and no heterologous sequences, observed no toxicity in non-neoplastic astrocytes at concentrations as high as 1 g/ml.
Our observation of a concentration-dependent cytotoxic
effect against glioma cells was confirmed using a series of
clonogenic assays, which demonstrated a steep drop-off in colony-forming activity at nanomolar concentrations of the ligand.
The induction of cytotoxicity correlated with the detection of
DNA fragmentation as assessed by terminal deoxynucleotidyl
transferase-mediated nick end labeling assay, in agreement with
recent observations (34). Inhibitors of caspase activity substantially diminished the effects of Apo2L on glioma cell survival,
supporting the importance of these proteases in mediating
Apo2L-induced glioma cell killing in vitro.
Because it is conceivable that the differential sensitivity of
glioma-derived cell lines versus non-neoplastic astrocytes to
Apo2L/TRAIL could simply result from inherent differences in
their relative abilities to propagate and survive in vitro, it was
recognized that a more therapeutically relevant measure of the
potential utility of this agent would be its ability to inhibit tumor
growth in vivo. An additional caveat for brain tumor therapeutics is that agents that are effective against systemic tumors may
not necessarily be useful for the treatment of central nervous
system tumors, because the blood-brain barrier may prevent
adequate concentrations of a systemically administered drug
from reaching the tumor. In that context, the demonstration of
significant efficacy for Apo2L/TRAIL in an in vivo glioma
model system is particularly striking. A single 7-day course of
Apo2L/TRAIL, at doses ranging from 0.3 to 30 mg/kg/day,
produced a significant, dose-dependent prolongation of survival
duration. Mean survival ranged from 55 ⫾ 2.5 days in animals
that received 0.3 mg/kg/day to ⬎120 days in all of the animals
that received 30 mg/kg/day, as compared with only 27 ⫾ 1.5
days in vehicle-treated controls. None of the animals at the
highest dose level showed evidence of weight loss or neurological impairment, and histological examination of the brains in
several of the long-term survivors showed no evidence of either
tumor or other histological abnormalities. The lack of obvious
toxicity at these dose levels is consistent with recent toxicology
studies in mice using a mammary carcinoma model (42) and a
colon xenograft model (35). In addition, detailed studies in
nonhuman primates have shown no histological evidence of
toxicity within brain, lung, liver, heart, kidney, ovary, testis,
spleen, bone marrow, or lymph nodes; no alteration of leukocyte
counts, liver enzyme activity, coagulation profiles, serum chemistry, or urine analysis; and no evidence of anti-Apo2L/TRAIL
antibody titers (35).
In conclusion, we observed potent induction of apoptosis
by recombinant soluble Apo2L/TRAIL in a series of four glioma cell lines. The toxic effects of this ligand were selective for
glioma cells versus non-neoplastic astrocytes. Apo2L/TRAIL
treatment caused striking inhibition of tumor growth in a pre-

clinical intracranial glioma model, with apparent “cure” of all of
the animals treated at the highest dose levels without obvious
systemic toxicity. The observation that systemic administration
of Apo2L/TRAIL was effective in eliminating the growth of this
otherwise fatal central nervous system tumor indicates that this
may be a relevant agent for the therapeutic management of
malignant gliomas that merits further evaluation.
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