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Tumor necrosis factor–related apoptosis-inducing
ligand (TRAIL/Apo2 L) preferentially induces apopto-
sis in human tumor cells through its cognate death recep-
tors DR4 or DR5, thereby being investigated as a
potential agent for cancer therapy. Here, we applied
fully human anti-human TRAIL receptor monoclonal
antibodies (mAbs) to specifically target one of death
receptors for TRAIL in human glioma cells, which
could also reduce potential TRAIL-induced toxicity in
humans. Twelve human glioma cell lines treated with
several fully human anti-human TRAIL receptor mAbs
were sensitive to only anti-DR5 mAbs, whereas they
were totally insensitive to anti-DR4 mAb. Treatment
with anti-DR5 mAbs exerted rapid cytotoxicity and
lead to apoptosis induction. The cellular sensitivity
was closely associated with cell-surface expression of
DR5. Expression of c-FLIPL, Akt, and Cyclin D1 signifi-
cantly correlated with sensitivity to anti-DR5 mAbs.
Primary cultures of glioma cells were also relatively
resistant to anti-DR5 mAbs, exhibiting both lower
DR5 and higher c-FLIPL expression. Downregulation
of c-FLIPL expression resulted in the sensitization of
human glioma cells to anti-DR5 mAbs, whereas overex-
pression of c-FLIPL conferred resistance to anti-DR5
mAb. Treatment of tumor-burden nude mice with the
direct agonist anti-DR5 mAb KMTR2 significantly sup-
pressed growth of subcutaneous glioma xenografts
leading to complete regression. Similarly, treatment of
nude mice bearing intracerebral glioma xenografts
with KMTR2 significantly elongated lifespan without

tumor recurrence. These results suggest that DR5 is
the predominant TRAIL receptor mediating apoptotic
signals in human glioma cells, and sensitivity to anti-
DR5 mAbs was determined at least in part by the
expression level of c-FLIPL and Akt. Specific targeting
of death receptor pathway through DR5 using fully
human mAbs might provide a novel therapeutic strategy
for intractable malignant gliomas.
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M
alignant glioma, the most frequent primary
intrinsic neoplasm arising in the central
nervous system, remains incurable despite

multimodal intensive treatments comprising maximum
surgical resection, radiotherapy, and chemotherapy.
Prognosis of patients with glioblastoma multiforme
(GBM), the most malignant WHO grade IV glioma,
has been dismal, with median survival time being only
12–15 months from initial diagnosis.1 Chemotherapy
only gives rise to a mild survival benefit using temozolo-
mide given concomitantly with radiotherapy followed
by adjuvant administration in patients with GBM;2

thus novel therapeutic strategies which could exert
robust tumoricidal activity have been required.

One such approach is to directly activate apoptosis
pathways in tumor cells. Chemotherapy and ionizing
irradiation trigger apoptosis by provoking the
mitochondria-mediated “intrinsic” apoptosis pathway,
which is regulated by the Bcl-2 family members and
molecules involved in the downstream apoptosome.3

Defects in the mitochondrial pathway may contribute
to resistance to these conventional therapies.
Activation of “death receptors” through oligomeriza-
tion by their cognate trimeric ligands can also induce
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tumor cell apoptosis through the “extrinsic” pathway.4

Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) (also called Apo2 L) is a member of the
TNF superfamily which includes FasL (CD95 L) and
TNF-a. TRAIL binds to its cognate death receptors,
DR4 (TRAIL-R1)5 and DR5 (Killer/TRAIL-R2/
TRICK2)6,7 containing a death domain (DD) in their
cytoplasmic domain, and is capable of inducing rapid
apoptosis through the activation of caspases, a family
of cysteine proteases, in tumor cells of diverse origins,
but not in most normal cells including astrocytes
in vitro,8213 thereby being investigated as a potential
agent for cancer therapy.14

Besides death-inducing TRAIL receptors DR4 and
DR5, there are 3 other receptors, DcR1 (TRID/
TRAIL-R3),6,7 DcR2 (TRUNDD/TRAIL-R4),15,16 and
osteoprotegerin17 acting as decoy receptors by compet-
ing with DR4 or DR5 for binding to TRAIL. DR4 and
DR5 transcripts are expressed in some glioma cells,
while at a low level in the brain.5,7,11,18 Activation of
DR4 and/or DR5 causes recruitment of adaptor mol-
ecules, preferentially fas-associated death domain
protein (FADD), through their DD interaction, which
in turn activates the initiator caspase-8 or -10 through
their death effector domains (DEDs) (formation of
death-inducing signaling complex; DISC).19 This leads
to direct activation of the effector caspase-3 or -7 and
subsequent progression of irreversible cell death pro-
cesses. TRAIL may also activate intrinsic mitochondrial
apoptosis pathways to variable extents through
caspase-8-mediated cleavage of cross-talk protein Bid,
where cytochrome c release from mitochondria leads to
the formation of the “apoptosome” with Apaf-1, dATP,
and procaspase-9, resulting in the activation of an
initiator caspase-9 and subsequent progression of the
caspase cascade.20,21 Molecules acting on these pathways
may confer resistance to TRAIL-induced apoptosis when
inadequately expressed. These include reduced expression
of FADD, caspase-8, as well as increased expression of
TRAIL decoy receptors and intrinsic apoptosis inhibitors,
c-FLICE inhibitory protein (FLIP), XIAP, Bcl-2 family
members, PEA-15, upregulated Akt and nuclear factor
kappa B (NF-kB) signaling, and caspase mutations.22231

In human glioma cells, a recombinant soluble form of
TRAIL (sTRAIL) induces rapid and significant apopto-
sis, and its cytotoxic activity can be further enhanced
by combination use of chemotherapeutic agent cisplatin
or ionizing irradiation.9,32 Importantly, systemic admin-
istration of human sTRAIL has shown a reasonably
safety profile in mice or nonhuman primates,8,33 and fur-
thermore, treatment with the untagged, trimeric sTRAIL
has shown no cytotoxicity on human hepatocytes or
keratinocytes.34,35 The potential clinical use of sTRAIL
has been investigated in clinical trials (Phase II)
(Genentech homepage).

Alternative approaches to activate the TRAIL
pathway include the use of specific agonistic anti-
bodies36,37 that exploit the receptor discriminating speci-
ficity and prolonged bioavailability of IgG. Monoclonal
antibodies (mAbs) are now widely applied clinically for
cancer therapy; for instance, rituximab, an anti-CD20

mAb for CD20-positive non-Hodgkin B-cell lympho-
mas, trastuzumab, an anti-Her2/ErbB2 mAb for breast
cancers, and bevacizumab, an anti-VEGF mAb for color-
ectal cancers. Among several types of recent therapeutic
mAbs, fully human mAbs have a discrete advantage
that they would evade the potential immunological
response against the introduced antibody, compared
with other mAbs carrying mouse sequences, which
could be still immunogenic as fully mouse mAbs. We
have generated fully human mAbs to DR4 or DR5 (IgG
class), which are specifically bound to the ectodomain
of the receptors,38 thereby potently induced the death
of cancer cells in vitro.38 A direct agonist mAb to DR5,
KMTR2, could suppress the growth of human colon
cancer xenografts in vivo without antibody cross-
linking,39 independent of host effector function.

These observations prompted us to test whether a
fully human anti-TRAIL receptor mAb could effectively
induce glioma cell death. Here, we show that DR5 is the
predominant TRAIL receptor, which is expressed at the
cell surface and mediates apoptotic signals in human
glioma cells. Sensitivity of human glioma cells to
anti-DR5 mAbs might be determined at least in part
by the expression level of c-FLIPL and Akt. Anti-DR5
mAbs exert antitumor effects both in vitro and in vivo.
Our results suggest that specific targeting of the death
receptor pathway through DR5 using a fully human
mAbs might provide a novel therapeutic strategy for
intractable malignant gliomas.

Materials and Methods

Reagents

Soluble human recombinant FLAG-TRAIL was pre-
pared as previously described9 and was stored at
2808C. Anti-FLAG monoclonal antibody (mAb) M2
was obtained from Sigma.

Monoclonal Antibodies

Fully human anti-human DR4 mAb, B12, and anti-DR5
mAb, E11, H48, and KMTR2, were described else-
where.38,39 These mAbs, except KMTR2, require cross-
linking with anti-human IgG to be fully active apoptosis
inducers. KMTR2 clusters DR5 on the cell surface,
thereby inducing apoptosis with or without crosslinking.39

Cells

The human glioma cell lines used were described pre-
viously32 and were cultured as described.40 A tumori-
genic subpopulation of the T98G cell line, designated
T98SQ1, was generated by re-culturing in dish of a
T98G xenograft that was established in a nude mouse.
Normal human astrocytes (NHA) were purchased
from Cambrex (Walkersville, MD), and cultivated in
AGM medium per the manufacturer’s recommendation.
Primary cultures of glioma cells were established by
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transferring tumor tissues in DMEM growth medium
supplemented with 10% FBS immediately after resec-
tion, thereafter they were mechanically dispersed and
plated into T75 flasks and incubated in DMEM
supplemented with 10% FBS, 2 mM glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin in
a humidified atmosphere of 5% CO2 at 378C. The
culture medium was changed every 3–4 days. When
cells reached subconfluence, they were passaged using
trypsin digestion. Malignant gliomas were surgically
removed at Kyorin University Hospital. Patient material
was obtained with informed consent and approval from
the Institutional Ethics Committee.

Plasmids and Transfection

The plasmid encoding human c-FLIPL and c-FLIPS,
pCR3.V64-Met-Flag-FLIPL and pCR3.V62-Met-Flag-
FLIPS, respectively, were kind gifts from Dr. Jurg
Tschopp (University of Lausanne). The empty vector
pCR3.neo was generated by removing an EcoRI fragment
from the pCR3.V62-Met-Flag-FLIPS plasmid. Cells were
transfected with these plasmids using the calcium phos-
phate precipitation method and selected in the presence
of G418 (Gibco/BRL) to establish G418-resistant sub-
clones, including those expressing high levels of c-FLIPL.

Western Blotting

Whole cell lysates were prepared in RIPA buffer and were
subjected to Western blot analyses as previously
described.40 Proteins on the polyvinylidene difluoride
(PVDF) membranes were probed with antibodies against
DR5 (polyclonal, R&D Systems), DR4 (polyclonal, BD
PharMingen), DcR1 (Imgenex), DcR2 (polyclonal,
Imgenex), FADD (monoclonal, BD Transduction),
c-FLIP (monoclonal, ALEXIS Biochemicals), caspase-8
(polyclonal, BD PharMingen), caspase-9 (monoclonal,
Trevigen), caspase-3, cleaved caspase-3 (Cell Signaling
Technology), XIAP (BD Transduction Laboratories),
Apaf-1 (Transduction Laboratories), Akt (Cell
Signaling), Survivin (Cell Signaling), Cyclin D1
(NeoMarkers), Bax (Ab-1, NeoMarkers), Bak (Ab-1,
Oncogene), Bid (polyclonal, BD PharMingen), Bcl-2
(Ab-1, NeoMarkers), Bcl-XL (polyclonal, BD
Transduction), poly(ADP-ribose) polymerase (PARP)
(C2-10; Enzyme System Products), and detected by chemi-
luminescence and quantified (LAS 1000, Fuji). Loading of
lysates on membranes was evaluated by b-actin blot.

Flow Cytometry

For the detection of cell surface TRAIL receptors, cells
(�1 � 106 cells/sample) were washed with PBS contain-
ing 1% FBS and 0.05% NaN3 and were stained with
phycoerythrin (PE)-labeled mouse monoclonal anti-
human DR4 or DR5 (eBioscience) on ice for 1 hour.
After washing, cells were analyzed by on flow cytometry

(FACScan, BD).38 For apoptosis assays, cells were plated
overnight and treated for 48 hours. Cells were then col-
lected, fixed in 4% paraformaldehyde and permeabilized
in 0.1% Triton-X in 0.1% sodium citrate solution, fol-
lowed by incubation with terminal deoxynucleotidyl
transferase-mediated nick end labeling (TUNEL) sol-
ution (Roche) at 378C for 1 hour. TUNEL-positive
cells stained with fluorescein were analyzed by flow
cytometry using Cell Quest software.

Growth Inhibition Assays

Cytotoxicity was evaluated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) survival assays as described.32 Briefly, cells were
plated at 1 � 104 cells/well in 96-well microtiter plates
overnight. Cells were then treated with 200 mL fresh
medium containing drugs, cultured for 48 hours fol-
lowed by an additional 4 hours with 250 mg/mL MTT,
and analyzed using a microplate reader (Molecular
Devices). The effects of treatment are expressed as per-
centage of growth inhibition using untreated cells as
the uninhibited control.

TUNEL Assays

Apoptotic cell death was determined by TUNEL
assays using In Situ Cell Death Detection Kits
(Roche) as described.40

siRNA Treatment

A double-stranded siRNA oligonucleotide mixture against
c-FLIPL was purchased from Dharmacon (siGENOME
SMARTpool; Dharmacon RNA Technologies). siRNA
for nonsilencing control (nontargeting siRNA) (siCtl) is
an irrelevant siRNA with random nucleotides and no
known specificity. c-FLIPL-siRNA (0.1 mM) or nontarget-
ing siRNA (0.1 mM) was transfected into glioma cells
using DharmaFECT, and the cells were used for exper-
iments 24–72 hours after transfection.

In Vivo Study

Human glioma cells (2� 106 cells) were suspended in
0.1 mL PBS and injected subcutaneously into the right
flank of 4- to 5-week-old female nude mice of BALB/
CA background (Saitama Experimental Animals Supply,
Co. Ltd.). For the treatment of the established xenografts,
the tumors were permitted to establish and grow for 20
days (tumor volume �120 mm3). For intracerebral
stereotactic inoculation, 5 � 105 glioma cells in 5 mL of
PBS were inoculated into the right corpus striatum of
the mouse brain as described.40 Either anti-DR5 mAb
(5 mg/kg) or control nonspecific human IgG (DNP) was
administered i.p. daily for 3 consecutive days. The
growth of tumors was measured as described.41

Systemic toxicity of the treatments was assessed by
change in body weight and by organ inspection at
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autopsy. Mice were sacrificed by CO2 inhalation when
they became moribund. All animal procedures were
approved by the Animal Care and Use Committee of the
Kyorin University Faculty of Medicine.

Statistical Analysis

The data were analyzed for significance by Mann–
Whitney’s U-test or Student’s t-test. Correlation was ana-
lyzed using Spearman’s rank correlation test. Survival of
mice bearing intracerebral xenografts was calculated
according to the Kaplan–Meier method, and differences
in survival were evaluated with the log-rank test. All stat-
istical analyses were done using the statistical package
SPSS 17.0J (SPSS, Inc.).

Results

Fully Human Anti-human DR5 mAbs Induce Apoptosis
in Human Glioma Cells

We first sought to determine whether specific targeting of
cell surface TRAIL receptors by anti-TRAIL receptor
mAbs could induce cytotoxic effects in 12 human
glioma cell lines. The anti-TRAIL receptor mAbs, B12
or E11, H48, and KMTR2, have been previously shown
to bind specifically to their cognate receptor, either DR4

(B12) or DR5 (E11, H48, and KMTR2), respectively.38,39

Soluble FLAG-tagged TRAIL (sTRAIL) with crosslinkers
effectively killed the majority of human glioma cell lines
with IC50 values lower than 0.1 mg/mL. Similarly, treat-
ment with either anti-DR5 mAb E11 or H48 resulted in
significant cytotoxicity in the presence of crosslinking
anti-human IgG antibody in 8 of 12 glioma cell lines
(Fig. 1). This was accompanied by changes in morphology
typical of apoptotic cell death, which was confirmed by
DNA fragmentation detected by TUNEL assays (Fig. 2).
Furthermore, treatment with anti-DR5 mAbs lead to clea-
vage and activation of caspase-8, -9, and -3, as well as Bid,
which results in the cleavage of PARP, an intrinsic sub-
strate for executioner caspase-3 (data not shown). The
cytotoxicity was abrogated in the presence of
TRAIL-neutralizing DR5-Fc (data not shown), suggesting
that the binding of antibody to DR5 is essential for the
antibody-mediated effects.

The profiles of cell lines sensitive to anti-DR5 mAbs
were identical to that to sTRAIL. IC50 values of sensitive
cells, such as T98G, SF188, LNZ308, U87MG, and
U251MG, were also lower than 0.1 mg/mL (Table 1).
KMTR2 induced cell death effectively in T98G,
SF188, and U87MG cells, even in the absence of cross-
linkers. In contrast, glioma cells were totally insensitive
to treatment with anti-DR4 mAb B12 (Fig. 1). These
results suggest that TRAIL induces apoptosis predomi-
nantly through the DR5-mediated pathway but not
DR4 in human glioma cells.

Fig. 1. Cytotoxic effects of soluble TRAIL (A) and fully human mAbs against DR4 (B12, B) and DR5 (E11, C; H48, D; KMTR2, E) in a panel of

human glioma cell lines. Cells were treated for 48 hours with either sTRAIL, B12, E11, or H48 in the presence of antibodies for crosslinking, or

KMTR2 in the absence of crosslinkers, at doses indicated at the bottom of each panel. Cytotoxicity was determined by MTT assays. Results

were reproduced in 2 or more independent experiments; values are expressed as the mean of triplicate wells; bars, SD.
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Anti-DR5 mAbs Did Not Affect the Viability of NHA

We next examined the effects of the treatments on NHA.
Treatments with anti-DR5 mAbs, E11, H48, and
KMTR2, and anti-DR4 mAb B12 did not cause cytotox-
icity in these cells, even at a high concentration (10 mg/
mL), whereas treatment of LNZ308 cells, a positive
control of the treatment, did show the expected cytotox-
icity (Fig. 3), indicating that NHA are insensitive to the
mAb treatment.

Molecular Determinants of Sensitivity to Anti-DR5
mAbs

We next sought to determine which key molecules
working in the apoptosis-inducing pathways are respon-
sible for sensitivity to anti-DR5 mAb in human glioma
cells. As we have demonstrated that the proapoptotic
TRAIL-specific receptor DR5 was upregulated by both
DNA damaging chemotherapeutic drugs and ionizing
irradiation, thereby mediating enhancing TRAIL sensi-
tivity in human glioma cells,9,32 we examined the cell
surface expression of DR5 by flow cytometry as well
as its whole cellular expression by Western blot. The
DR5 cell surface expression level, but not its whole
cellular expression level, was weakly associated with
the sensitivity of glioma cells to anti-DR5 mAbs (E11:
P ¼ .145, H48: P ¼ .118, Spearman’s rank correlation)
(Fig. 4A and Table 1).

Among molecules downstream to DR5, the
expression of an intrinsic apoptosis inhibitor c-FLIPL

was almost undetectable in highly sensitive T98G and
SF188 glioma cell lines, and its expression level signifi-
cantly correlated with sensitivity to anti-DR5 mAbs
(E11: P ¼ .003, H48: P ¼ .006, sTRAIL: P ¼ .008
Spearman’s rank correlation) (Fig. 4B). In contrast,
expression of the alternative spliced form c-FLIPS was
undetectable in all 12 human glioma cell lines tested
(positive control of the Western blot was T98G.FLIPs
cells). FADD, another key molecule in DISC, and Bcl-2

Fig. 2. Fully human anti-DR5 mAbs induced apoptosis in human glioma cells. TRAIL-sensitive T98G (A) and TRAIL-resistant LN319 (B) cells

were treated with or without anti-DR5 mAbs E11 or H48 (0.1 mg/mL). After 48 hours treatment, cells were fixed, permeabilized, and stained

for TUNEL, followed by flow cytometry analysis. The percentage of TUNEL-positive cells (fluorescein-positive) is indicated on each graph.

Table 1. IC50 values for TRAIL and anti-TRAIL receptor mAbs in
human glioma cell lines

Cell line sTRAIL E11 H48 B12

U87 0.036 0.024 0.064 H

T98 0.013 0.002 0.001 H

U138 H 4 6 H

U178 0.079 1.519 0.319 H

SF188 0.019 0.011 0.005 H

LN229 H H H H

U251 0.035 0.083 0.129 H

LNZ308 0.0252 0.014 0.049 H

LN319 H H H H

U373 H H H H

LN428 0.46 H H H

A1207 0.106 0.014 0.147 H

(mg/mL) H: .2.56 H: .6.4 H: .6.4 H: .4.0
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family molecules, such as Bcl-XL, Bax, Bak, and Bid
were irrelevant to the sensitivity. Expression of IAP pro-
teins, other cellular apoptosis inhibitors, did not associ-
ated with anti-DR5 mAb sensitivity, either. However,
the expression of Akt/PKB, which could contribute to
tumor cell proliferation and survival, significantly corre-
lated with the sensitivity (E11: P ¼ .014, H48: P ¼
.017). Furthermore, the expression level of cyclin D1
showed a correlation with the sensitivity as well (E11:
P ¼ .045, H48: P ¼ .028) (Fig. 4C). Among the mol-
ecules which were found to be significantly correlated
with sensitivity to anti-DR5 mAbs, only the expression
of Akt and c-FLIPL showed a significant correlation
(P ¼ .017).

Involvement of c-FLIPL Expression in Sensitivity
to Anti-DR5 mAb

As the expression of c-FLIPL, a key regulator at the
DISC, significantly correlated with sensitivity to
anti-DR5 mAbs in human glioma cells, we downregu-
lated c-FLIPL expression by using an siRNA specific to
human c-FLIPL mRNA to determine its role in resistance
to anti-DR5 mAbs. Transfection of c-FLIPL siRNA
resulted in a significant decrease of c-FLIPL expression
at the protein level in both U87MG and LNZ308 cells
(Fig. 5A). Although c-FLIPL downregulation per se did
not affect cell viability, E11 treatment induced robust
cell death in those cells with downregulated c-FLIPL,
but not in control siRNA treated cells (P , .001, t-test)
(Fig. 5B).

Alternatively, T98G cells lacking c-FLIPL expression
were introduced with the c-FLIPL expression vector
pCR.FLAG-c-FLIPL, and stable sublines overexpressing
c-FLIPL were obtained (Fig. 6A). As expected, overex-
pression of c-FLIPL resulted in remarkable suppression
of cytotoxic effects induced by either E11, H48, or
sTRAIL when compared with control cells with empty

vector (pCR3) transfection (Fig. 6B–F). These results
suggested that c-FLIPL expression confers, at least in
part, resistance to anti-DR5 mAbs in human glioma
cells, consistent with the good negative correlation
observed between the c-FLIPL expression level and
anti-DR5 mAb sensitivity in the panel of human
glioma cell lines. Similar results were obtained when
T98G cells were forced to overexpress c-FLIPs by trans-
fection with the c-FLIPs expression vector
(T98G.c-FLIPs-5, Fig. 6G).

Treatment of Animals Carrying Established Tumor
Xenografts with the Anti-DR5 mAbs Causes In Vivo
Tumor Regression

We next determined the effect of the anti-DR5 mAb
treatment against established tumors. Mice bearing sub-
cutaneous LNZ308 tumor xenografts were treated sys-
temically with E11 for 5 consecutive days as described
in the Materials and Methods. The tumors carried by
mice treated with E11 grew slower and remained
smaller after a course of treatment than those in
animals treated with the vehicle control or with the
mock control (DNP) (DNP vs. E11: P , .05, Mann–
Whitney’s U-test) (data not shown). As E11 requires
crosslinking by effector molecules such as anti-
immunoglobulin antibodies for its full apoptotic activity
and in in vivo conditions such molecules and/or cells
involved in crosslinking are presumably limited to the
complement component C1q and Fc receptors present
on most immune effector cells,42,43 we applied another
anti-DR5 mAb KMTR2, which has been shown to
directly activate apoptosis independent of host effector
function.39 The growth of LNZ308 subcutaneous
tumor xenografts were suppressed slightly more by the
treatment with KMTR2 (DNP vs. KMTR2: P , .01)
than by E11 (data not shown). To confirm the possibility
that KMTR2 has better antitumor effects in vivo, we

Fig. 3. Fully human anti-DR5 mAbs do not affect viability of NHA. (A) Photomicrographs showing anti-DR5 mAb-induced cytotoxicity in

LNZ308 cells, but not in NHA. (B) MTT assay for quantifying cytotoxicity induced by various mAbs against DR4 or DR5 in NHA. Cells were

treated with either anti-DR5 mAbs E11, H48, and KMTR2, or anti-DR4 mAb B12 at doses indicated at the bottom of each panel for 48 hours

and then were subjected to MTT assays. LNZ308 cells were treated as a positive control for the assay. The experiment was repeated 4 times

with the similar results.
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Fig. 4. Expression levels of apoptosis-related molecules in human glioma cell lines. (A) DR5 cell-surface expression determined by flow

cytometry analysis. Cultured cells were washed and reacted with PE-labeled anti-DR5 antibody, followed by flow cytometry analysis.

Glioma cells with high sensitivity to anti-DR5 mAbs tended to have high cell-surface expression of DR5, whereas those with low

sensitivity were associated with low expression. (B and C) Western blot analyses showing expression levels of various apoptosis-related

molecules. Human glioma cells were harvested for whole cell lysates, which were then subjected to Western blotting. Expression levels

of c-FLIPL, Akt, and cyclin D1 significantly correlated with sensitivity of these cell lines to treatment with anti-DR5 mAbs. Intrinsic

expression of c-FLIPs was undetectable in all cell lines tested, whereas exogenous expression of c-FLIPs was identified in T98G.FLIPs cells

(indicated as *). The molecules and their molecular sizes are shown on the left and right sides on each panel, respectively.
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next tested the efficacy of these mAbs to TRAIL-sensitive
T98SQ1 xenografts. Mice bearing subcutaneous
T98SQ1 tumor xenografts were treated systemically
with either E11, KMTR2, or DNP for only 3 days.

E11 treatment resulted in the suppression of tumor
growth, and even tumor shrinkage for a short period
of time. However, KMTR2 treatment lead to complete
tumor regression in all mice treated (Fig. 7A). This

Fig. 5. Downregulation of c-FLIPL expression sensitizes human glioma cells to anti-DR5 mAb. (A) Western blot showing reduced expression

of c-FLIPL protein upon treatment with siRNA against c-FLIPL (siFLIPL) in U87MG and LNZ308 cells. Cells were transfected with either

nontargeting siRNA (siCtl) or siFLIPL and were harvested for the preparation of total lysates after being cultured for 48 hours. Twenty

micrograms of total lysate was size fractionated in a 10% SDS–polyacrylamide gel, transferred to a PVDF membrane and reacted with a

monoclonal antibody against human c-FLIPL. The b-Actin blot demonstrates the loading of lysate in each lane. No Tx, no treatment. (B

and C) Enhanced anti-DR5 mAb-induced cytotoxicity by the suppression of c-FLIPL expression. U87MG (B) or LNZ308 (C) cells were

transfected with either siCtl or siFLIPL, followed by treatment with or without E11 at a sublethal concentration (0.01 mg/mL) for 24

hours and then were subjected to the MTT assay. Similar results were obtained when treated with KMTR2. ***P , .001, **P , .01

(Student’s t-test).

Fig. 6. Overexpression of c-FLIPL confers resistance to anti-DR5 mAb in human glioma cells. (A) Western blot showing high expression

of either c-FLIPL or c-FLIPS in T98G.FLIPL-10 and -11, or T98G.FLIPs-5 cells transfected with pCR3.V64-Met-Flag-FLIPL, or

pCR3.V62-Met-Flag-FLIPS, respectively, whereas undetectable levels of c-FLIPL and c-FLIPS in parental T98G and its subclones

T98G.pCR3-1 and -4 cells transfected with the empty vector. (B–G) Suppression of cytotoxic effects by the treatment with anti-DR5 mAbs

and sTRAIL in both T98G.FLIPL and T98G.FLIPS cells, but not in T98G.pCR3 cells. Cells were treated with either sTRAIL (0.04 mg/mL), E11

(0.4 mg/mL), or H48 (0.4 mg/mL) for 48 hours and then were subjected to MTT assay.
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striking antitumor effect by KMTR2 was associated
with massive apoptosis induction accompanied with a
reduced proliferative activity in tumor cells, demon-
strated by TUNEL assays and MIB-1 immunostainings,
respectively (Fig. 7C). In KMTR2-treated tumors,
caspase activation was also detected (Fig. 7D).

We also examined the potency of the anti-DR5 mAb
treatments for brain tumors using intracerebral xeno-
graft models. Mice stereotactically inoculated in the
brain with T98SQ1 cells were treated with either E11,
KMTR2, or DNP for 3 consecutive days. The KMTR2
treatment significantly extended the survival of all mice
bearing intracerebral xenografts when compared with

either DNP or E11 (P , .001) (Fig. 7B). There was
only minimum survival benefit by the E11 treatment.
Notably, all mice treated with KMTR2 showed no
tumor burden when sacrificed at various time points
beyond 25 days after treatment, whereas all of those
treated with DNP died of tumor within 10 days after
treatment. Similar but less survival elongation was
observed by these mAbs in mice bearing LNZ308
brain tumor xenografts (data not shown). Body weight
of host mice did not significantly change by any types
of treatments. These results suggest that anti-DR5
mAbs, especially direct agonist KMTR2, also have
potent antitumor effects on brain tumors in vivo.

Fig. 7. Tumor regression by treatment with anti-DR5 mAb KMTR2 in vivo. (A) Growth suppression and tumor regression of established

T98SQ1 xenografts by fully human anti-DR5 mAbs, E11 and KMTR2, respectively, in vivo. Nude mice (9 per each group) were injected

subcutaneously with 2 � 106 T98SQ1 cells and were allowed to establish tumors. From postimplantation Day 20, mice were treated with

either anti-DR5 mAb E11 or KMTR2 (5 mg/kg) or control non-specific human IgG (DNP), administered i.p. daily for 3 consecutive days.

Square, control DNP; diamond, E11; circle, KMTR2. Data are shown as the mean+SE. ***P , .001 (DNP vs E11; DNP vs KMTR2). The

experiment was repeated independently 2 times with similar results. (B) Effect of fully human anti-DR5 mAb treatment on survival of

mice bearing intracerebral T98SQ1 xenografts. Nude mice were injected intracerebrally with 5 � 105 T98SQ1 cells and were treated

from postimplantation Day 20 for 3 consecutive days as described in (A). Mice treated with KMTR2 were sacrificed at various time

points and were found to carry no intracerebral tumor at any points. ***P , .001 (DNP vs KMTR2), **P ¼ .003 (DNP vs E11) (log-rank

test). The experiment was repeated independently 3 times with similar results. (C) Decreased proliferative activity (MIB-1 index) and

increased apoptosis induction (TUNEL positivity) by KMTR2 treatment of T98SQ1 cells in xenografts. Nude mice with established

subcutaneous xenografts derived from T98SQ1 cells were treated with either KMTR2 or DNP i.p. for 2 days and were sacrificed on the

next day. Tumor tissues were harvested and subjected to either MIB-1 staining or TUNEL assay. (D) Treatment with KMTR2 induces

multiple caspase activation in established T98SQ1 xenografts. Tumor lysates were prepared as described in (C) and were subjected to

Western blot analyses. Caspase-9, caspase-3, and PARP, a substrate of activated caspase-3, were significantly cleaved upon treatment

with KMTR2 but not by control DNP. FL, full length; CL, cleaved form.
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Association of Relative Resistance of Primary Culture
Glioma Cells to Anti-DR5 mAbs with Altered
Expression of DR5 and c-FLIPL

As established cell lines may not always represent orig-
inal characteristics of primary tumors due to long-term
culture conditions, we utilized cultures of primary
GBM cells at short-term passage numbers and examined
their sensitivity to anti-DR5 mAbs in vitro. Primary cul-
tured cells derived from 2 independent glioma tissues did
not respond as well to E11 as did the sensitive glioma cell
lines by MTT assays (Fig. 8A). These primary cultured
cells exhibited higher amounts of c-FLIPL expression
(Fig. 8B) as well as lower levels of cell surface DR5
expression (Fig. 8C), both of which correlated with
their sensitivity to the mAb. Furthermore,
siRNA-mediated downregulation of c-FLIPL expression
resulted in the enhancement of E11 sensitivity in the
primary cultured cells (Fig. 8D), suggesting that the

altered expression of these key molecules may, at least
in part, account for the resistance.

Discussion

One of the major reasons for the poor prognosis of
patients with malignant gliomas is derived from the
resistance of these tumors to the chemotherapeutic
drugs currently used. Induction of apoptosis through
death receptor-mediated intracellular signaling is an
intriguing anticancer strategy, especially because of
involving signaling pathways directly activating the
death executing caspase cascade rather than the mito-
chondrial damage through which most anticancer thera-
pies operate.44 Activation of the TRAIL-mediated death
signal, among other death-inducing factors, has been
intensively investigated both experimentally and clini-
cally because of its advantage as cancer therapeutics

Fig. 8. Association of relative resistance of primary cultures of glioma cells to anti-DR5 mAbs with altered expression of DR5 and c-FLIPL. (A)

Primary glioma cells were less sensitive to anti-DR5 mAb than sensitive glioma cell lines. Cells were treated with E11 (0.1 mg/mL) for 48

hours and then were subjected to the MTT assay. The experiment was repeated 3 times with similar results. (B) Western blot analyses

showing expression levels of c-FLIPL, Akt, and cyclin D1 in human glioma cell lines and primary glioma cells. Whole cell lysates were

subjected to Western blotting and serially probed with the specific antibodies indicated. High expression of c-FLIPL is observed in

primary glioma cells. (C) DR5 cell-surface expression determined by flow cytometry analysis as described in Fig. 4. Primary culture

glioma cells tended to have lower cell-surface expression of DR5 than the established GBM cell lines with high sensitivity to E11. (D)

siRNA-mediated targeting of c-FLIPL enhances the sensitivity of primary glioma cells to anti-DR5 mAb. Cells were treated as described in

Fig. 5 (E11 at 0.01 mg/mL) and then were subjected to the MTT assay. ***P , .001 (Student’s t-test). The experiment was repeated

2 times with similar results.
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due to preferential targeting of tumor cells but not
normal cells. sTRAIL, however, binds to all TRAIL
receptors including the death-inducing receptors DR4
and DR5, as well as decoy receptors that do not
mediate death signals, rendering its therapeutic spec-
trum and effects wider or more unpredictable than tar-
geting an individual receptor specifically. Furthermore,
some versions of recombinant sTRAIL have been
shown to induce differential hepatocyte tox-
icity.8,37,38,45 This potential limitation led to the devel-
opment of proapoptotic mAbs against individual
TRAIL receptors,38,39,46,47 because mAbs restrict the
therapeutic target to tumors with a distinct receptor
expression profile. The potential therapeutic advantages
of using mAb over recombinant sTRAIL to target
TRAIL receptors include a longer half-life in vivo, a
higher affinity for the target receptor, and no decoy
receptor engagement, and they may provide a mechan-
ism to induce long-term, tumor-specific T-cell memory
that prevents tumor recurrence.48

Here, we show that the fully human mAbs to human
DR5, E11, H48, and KMTR2, induced significant cyto-
toxicity as well as tumor regression in most of human
glioma cells through rapid apoptotic induction but did
not cause cell death in normal astrocytes. In contrast,
anti-DR4 mAb B12, which had been shown to have a
potential to affect hepatocyte viability38 did not induce
cell death in all human glioma cell lines, providing
support for targeting individual TRAIL receptor by
mAbs. In addition, our results that the temozolomide/
nitrosourea-resistant T98G and SF188 human glioma
cells were highly susceptible to anti-DR5 mAbs suggest
that specific targeting of TRAIL receptors could be a
meaningful alternative therapeutic strategy to overcome
drug resistance.49 Indeed, agonistic anti-TRAIL receptor
mAbs have been currently under intensive investigation,
including mapatumumab (HGS-ETR1, anti-human
DR4 mAb), lexatumumab (HGS-ETR2, anti-human
DR5 mAb), and MD5-1 (anti-mouse DR5 mAb). The
former 2 mAbs have been tested in Phase 1 clinical
trials in patients with systemic malignancy, exhibiting
excellent safety profiles.36,50252 Anti-mouse DR5 mAb
MD5-1 could also be administered safely without indu-
cing hepatotoxicity either alone or in combination with
histone deacetylase (HDAC) inhibitors in mice.53

Our findings that human glioma cells were only sus-
ceptible to anti-DR5 mAbs but not to anti-DR4 mAb
and that their sensitivity to sTRAIL strongly correlated
with those to anti-DR5 mAbs suggest that DR5 is the
major TRAIL receptor that transduces the death signal
in human glioma cells. This might be attributable to
the pattern of cell surface expression of TRAIL recep-
tors. Protein expression of both DR4 and DR5 was
detectable in all human glioma cell lines tested by
Western blot analysis using whole cell lysates, whereas
only DR5 was identified to be expressed at the cell
surface by flow cytometry. Furthermore, the expression
level of DR5 at the cell surface was associated with the
sensitivity of glioma cells to anti-DR5 mAb treatment.
The reason for the lack of DR4 cell surface expression
is yet unclear, leaving room for further investigation

including protein trafficking or degradation. The DR5
predilection for TRAIL death signaling in human
glioma cells appears to be in agreement with the precli-
nical experiments, which utilized TRAIL mutants that
selectively bind either DR4 or DR5 and have suggested
that DR5 might be the more potent receptor for
ligand-induced apoptosis of many cancer cell types.54

Among human glioma cell lines, some disclosed
resistance to anti-DR5 mAb treatment. One of the puta-
tive determinants for TRAIL sensitivity includes the
expression of the decoy receptors against TRAIL.
However, this might not be the case in glioma like
other cancers as suggested previously,55 as we did not
see any correlation between the sensitivity to anti-DR5
mAbs and the expression of intrinsic TRAIL decoy
receptors. Rather, the glioma cell sensitivity to
anti-DR5 mAbs were significantly correlated with
expression levels of intracellular intrinsic apoptosis sup-
pressors c-FLIPL and Akt/PKB. c-FLIP contains a DED,
can interact with DED of both FADD and pro-caspase-8
and block upstream caspase activation at the DISC
level.56,57 c-FLIP has thus been implicated in the resist-
ance of cancer cells to apoptosis and is upregulated in
some cancer types including Hodgkin’s lymphoma,
and ovarian and colon carcinomas.58 c-FLIP is expressed
as 2 alternative splice forms, FLIP short (FLIPs) and
FLIP long (FLIPL). Both isoforms have been reported
to regulate TRAIL sensitivity in a variety of human
tumor cell lines.22,56,58260 In the glioma cell lines
tested, c-FLIPL expression was nearly absent in T98G
and SF188 cells, both of which were the most sensitive
to anti-DR5 mAbs. Furthermore, gene transfer of
c-FLIPL into T98G cells resulted in acquired resistance
to anti-DR5 mAb treatment. Alternatively,
siRNA-mediated downregulation of c-FLIPL expression
markedly sensitized c-FLIPL expressing glioma cells to
anti-DR5 mAbs. These results suggest the expression
level of c-FLIPL as an important molecular determinant,
at least in part, of resistance to anti-DR5 mAbs in human
glioma cells. Primary cultured glioma cells were also
shown to be resistant to TRAIL, which was associated
with weak DR5 expression.61 Accordingly, our results
show that the primary glioma cells tended to be less sen-
sitive to anti-DR5 mAb than sensitive established cell
lines, which was well correlated with higher amounts
of c-FLIPL expression as well as lower levels of cell
surface DR5 expression. Similar to results with the
established GBM cell lines, siRNA treatment of
c-FLIPL resulted in the enhancement of E11 sensitivity
in the primary culture cells, providing a further rationale
to target c-FLIPL to increase the anti-DR5 mAb sensi-
tivity. Panner et al.62 reported that c-FLIPs is one of
the major intracellular molecules that regulate death
signals driven by TRAIL treatment in human glioma
cells, as c-FLIPs also targets and inhibits the DISC func-
tion. In the human glioma cell lines tested, however,
c-FLIPs protein expression was undetectable using
several specific antibodies, one of which, albeit, clearly
identified exogenously expressed c-FLIPs protein in
T98G cells (Figs 4B and 6A), which also conferred resist-
ance to anti-DR5 mAb (Fig. 6G). Although the reason
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for lack of c-FLIPs detection at the protein level is not
clear, our data indicate that c-FLIPL could also play a
pivotal role in regulating the sensitivity of human
glioma cells to anti-DR5 mAb.

In addition to c-FLIPL, protein expression levels of
both Akt and Cyclin D1 correlated significantly with
the sensitivity of these cell lines to anti-DR5 mAb treat-
ments. Interestingly, there was significant correlation
between the expressions of c-FLIPL and Akt (P ¼
.017). Akt plays a key role in transducing survival
signals from receptor tyrosine kinases including epider-
mal growth factor receptor (EGFR) and has been
shown to be upregulated in many high-grade gliomas.
Panner et al.62 reported that Akt signaling upregulates
the expression level of c-FLIPs through activation of its
downstream target mTOR, suggesting a potential con-
nection between Akt and c-FLIPL status in glioma
cells. Overexpression of Cyclin D1 was shown to be
associated with the reduced colonization activity by
TRAIL in a breast cancer cell line, which had increased
expression of DR5.63 However, the significance of
Cyclin D1 expression in the regulation of anti-DR5
mAb sensitivity remains to be elucidated, as there has
been no definite evidence of Cyclin D1 transactivation
of DR5 expression in human glioma cells.

Treatment of mice bearing human glioma xenografts
with anti-DR5 mAbs exerted significant antitumor
effects in vivo. E11 monotherapy resulted in reduced
tumor volume and suppression of tumor growth, com-
pared with control treatments. However, the response
of tumors to E11 remained partial, and there were no
complete response and no durable tumor regression
obtained. In contrast, monotherapy with another
anti-DR5 mAb, KMTR2, exhibited a marked tumor
shrinkage leading to complete disappearance and
durable remission without recurrence of both subcu-
taneous and intracranial xenografts derived from
TRAIL-sensitive human glioma cells. E11 exists as a
monomer, thus requiring an antibody crosslinking to
effectively activate death signals that stem from TRAIL
receptors. In the athymic mouse body, anti-human IgG
(isotype of E11) antibodies are almost lacking, and
there are no cytotoxic T cells. In this sense, the cytotoxic
action by E11 may be restricted to immune systems
except T cells or complement-dependent cytotoxicity
which is mediated through the activation of complement
system by binding to the DR5–E11 complex and thus
could be less effective in inducing robust tumor cell
death in athymic mice. On the other hand, even in the
milieu where T cells are defective, KMTR2 has a poten-
tial to bind to and directly multimerize DR5 leading to
the activation of death signals. As a result, KMTR2
was very efficacious in killing tumor cells in vivo

compared with E11, demonstrating complete response
and durable remission in the animal models. This
finding is of great advantage in the application of the
anti-TRAIL receptor mAb therapy to human glioma,
providing a basis for further testing of its efficacy using
spontaneous glioma models or in nonhuman primates.
The administration of therapeutic mAbs to intrapar-
enchymal neoplastic lesions in the brain might be
limited by antibody penetration into the tumor.
Macromolecules such as mAbs can, however, cross the
blood–brain barrier (BBB) in clinically relevant concen-
trations in tumors with contrast enhancement, as seen in
high-grade gliomas, which is indicative of having a dis-
turbed BBB. Likewise, systemic administration of an
mAb specific to EGFR was shown to effectively target
and eradicate the established gliomas overexpressing
EGFR in the nude mouse brain.64 Another strategy to
localize mAbs in the glioma, especially in the region of
tumor cell infiltration where BBB is assumed intact,
could be obtained by convection-enhanced delivery
(CED). Saito et al65 have shown that CED of sTRAIL
resulted in the enhanced survival of mice bearing
glioma in the brain in combination with temozolomide.
Administration of pseudomonas end toxin conjugated to
IL-13 (cintredekin besudotox) to patients with glioma by
CED has already been tested under clinical trials.66

Furthermore, combining mAb therapy with other thera-
peutic modalities such as chemotherapy, radiotherapy,
molecular-targeted therapy, or toxins has been shown
to be more effective than antibody alone.67269 Indeed,
combination of the anti-DR5 mAbs with cisplatin or
HDAC inhibitors synergistically enhanced the cytotoxic
effects in human glioma cells (unpublished observations;
Frew et al.53) and will be further investigated to poten-
tially overcome resistance to anti-DR5 mAb therapy.
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