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Synergistic cytotoxicity through the activation of multiple
apoptosis pathways in human glioma cells induced by
combined treatment with ionizing radiation and tumor
necrosis factor-related apoptosis-inducing ligand

MoT100 NAGANE, M.D., Pn.D.,'! WEBSTER K. CAVENEE, Pu.D,**4
AND YOSHIAKI SHIOKAWA, M.D., Pu.D.!

!Department of Neurosurgery, Kyorin University School of Medicine, Tokyo, Japan; *Department of
Medicine, Ludwig Institute for Cancer Research; *Center for Molecular Genetics; and ‘Cancer Center,
University of California at San Diego, La Jolla, California

Object. Malignant gliomas remain incurable despite modem multimodality treatments, Tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL), also known as Apo2L., a member of the TNF family, preferentially
induces apoptosis in human tumor cells through its cognate death receptors DR4 or DRS, suggesting that it may serve
as a potential therapeutic agent for intractable malignant gliomas, Here, the authors show that genotoxic ionizing radi-
ation synergistically enhances TRAIL-induced cell death in human glioma cells expressing DRS.

Methods. Combination treatment with soluble human TRAIL plus radiation induced robust cell death, while each of
them singly led to only limited cytotoxicity. The combination resulted in cleavage and activation of the apoptotic ini-
tiator caspase-8 and the effector caspase-3 as well as cleavage of Bid and another initiator caspase-9, a downstream
component of the apoptosome. Accordingly, it augmented the release of cytochrome ¢ from the mitochondria into the
cytosol, as well as apoptosis-inducing factor. Synergistic cell death was suppressed by TRAIL-neutralizing DRS5-Fe,

inhibitors, expression of dominant-negative Fas-associated protein with death domain and CrmA, which selec-
tively blocks caspase-8, and overexpression of Bel-X,. Finally, combination treatment had no influence on the viabili-
ty of normal human astrocytes.

Conclusions. These results suggest that combination treatment with TRAIL and ionizing radiation kills human glio-
ma cells through the activation of DRS-mediated death receptor pathways. This therapy involves direct activation of
effector caspases as well as mitochondria-mediated pathways and provides a novel strategy in which TRAIL could be
synergistically combined with DNA-damaging radiation.

Key Worps + glioblastoma multiforme * DR5 =« radiotherapy + apoptosis
tumor necrosis factor-related apoptosis-inducing ligand

ALIGNANT glioma, the most common primary brain
tumor, remains incurable despite intensive multi-
modality treatments including surgery, external-
beam radiotherapy, and chemotherapy. The 5-year survival
rale in patients with GBM, the most malignant form of gli-
oma, has never exceeded 10%," necessitating the devel-
opment of novel treatment strategies. Besides the difficulty
involved in complete surgical removal due to consistent

Abbreviations used in this paper: AIF = apoptosis-inducing fac-
tor; DD = death domain; DISC = death-inducing signaling complex;
DN = dominant negative; FADD = Fas-associated protein with DD;
FasL = Fas ligand; GBM = glioblastoma multiforme; IR = ioniz-
ing radiation; MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide; PARP = poly(adenosine diphosphate-ribose)
polymerase; PVDF = polyvinylidene diflvoride; RIPA = radioim-
munoprecipitation buffer; TNF = tumor necrosis factor; TRAIL =
TNF-related apoptosis-inducing ligand; TUNEL = terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate nick-
end labeling.
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infiltration of glioma cells into adjacent functional brain pa-
renchyma, resistance to radiotherapy and chemotherapy is
also an important determinant for successful treatment of
malignant gliomas.

Apoptosis is a genetically controlled form of cell death
that appears to be involved in wmor cell killing by most
chemotherapeutic agents and by irradiation through dis-
parate modes of action and cellular targets.” Death ligands
interact with their cognate receptors containing DDs, and
thereby directly triggering suicide signal transduction path-
ways that are mainly independent of mitochondrial dys-
function, one of the major targets of extemal apoptotic sig-
nals.' Also called Apo2L, TRAIL is a member of the death
ligand TNF family, which includes FasL (CD95L) and
TNFa, and is capable of inducing rapid apoptosis in tumor
cells of diverse origins but not in most normal cells in vi-
ro.¥4% Unlike FasL and TNF, which induce acute toxicity
after systemic administration (especially in the liver be-
cause of the high expression of cognate receptors in hepa-
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tocytes'®), the systemic administration of soluble human
TRAIL has been shown to have little toxicity in mice or
nonhuman primates,*® suggesting its potential value for
cancer therapy. Furthermore, untagged trimeric TRAIL
containing stoichiometric Zn has been shown to have no cy-
totoxicity in human hepatocytes or keratinocytes.**

Note that TRAIL can interact with two death recep-
tors, DR4 (TRAIL-R1)” and DR5 (KILLER/TRAIL-RY
TRICK2),%* and that the death signal can be blocked by
the expression of the antagonistic deco DcR1
(TRID/TRAIL-R3)** and DcR2 (TRUNDD/TRAIL-
R4)** and osteoprotegerin,'® which can compete with DR4
or DRS for binding to TRAIL. Both DR4 and DRS tran-
scripts are expressed to some extent in some glioma cells
but at low levels in the brain.'2%2% On activation of DR4
and/or DRS, the TRAIL-induced death signal is transduced
through the activation of caspases, a fnm.ify of cysteine pro-
teases that specifically cleave at aspartic acid residues and
play a central role in the execution of is,% in a man-
ner similar to the extrinsic FasL/Fas (Apol/CD95)-induced
apopiotic signaling pathway.” Oli ization of DR4 or
DRS causes the recruitment of or molecules, prefer-
entially FADD, through their DD interaction, which in tum
activales the initiator caspase-8 or -10.' Consequently, effec-
tor caspase-3 or -7 is directly activated and irreversible cell
death processes subsequently progress. Note that TRAIL
can also activate intrinsic mitochondrial apoptosis pathways
to various extents where cytochrome c release from the mi-
tochondria leads to the formation of the “apoptosome” with
Apaf-1, deoxyadenosine 5'-triphosphate, and procaspase-9,
resulting in the activation of an initiator caspase-9 and the
subsequent progression of the caspase cascade.”* Disrupt-
ing the integrity of the mitochondrial membrane potential
can also trigger a release of Smac/DIABLO, AIF, or HrA2/
Omi into the cytosol, modulating the intensity of apoptosis
signaling and DNA fragmentation.”* The mitochondrial
apoptosis pathways are mainly regulated by molecules of
the Bel-2 family, including Bid, which tes apoplosis
by interacting with antiapoptotic Bcl-2 family members on
cleavage by activaled caspase-8.%

lonizing radiation therapy has been consistently shown to
be a favorable prognostic factor for malignant gliomas®"
and is applied postoperatively in most cases. Ionizing irradi-
ation induces double-strand breaks in DNA, thereby affect-
ing mitochondrial integrity, which leads to activation of the
downstream caspase and apoptosis. Damage to
DNA has been shown to upregulaie DRS expression in
some human cancer cells,®* and we have previously dem-
onstrated that treatment with genotoxic chemotherapeutic
agents upregulated DRS transcription and thereby induced
synergislic cytotoxicity in combination with TRAIL in the
majority of human glioma cell lines tested.”

These observations prompted us to test whether DNA-
damaging IR could enhance TRAIL-induced glioma cell
death. Here we show that IR induced an increase in DRS,
but not DR4, protein expression, which per se did not lead
to apoplosis of human glioma cell lines. However, when
combined with soluble human TRAIL, IR caused a dra-
matic and synergistic cell death and suppressed clonogen-
ic survival. Mechanistically, the cytotoxicity induced by
the combination treatment required FADD and caspase-8,
and the mitochondrial apoptosis pathway was also involved
through Bid cleavage.
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Materials and Methods

Reagenits Used

Soluble human recombinant FLAG-TRAIL was as pre-
viously described® and was stored at —80°C. Sol chimeric
fusion proteins and DRS5-Fc and its Fe control were as de-
scribed.* The anti-FLAG monoclonal antibody M2 was obtained

from Sigma. A broad-spectrum pep inhibitor, z-Asp-
CH,-DCB, and a caspase-9 inhibitor, z-LEHD-FMK, were pur-
chased from Bachem and BD PharMingen, respectively, and were
prepared in dimethyl sulfoxide,

Plasmid Constructs and Virus Preparation

The CrmA expression virus vector was constructed in pBabePuro
using the EcoRI fragment of p1843DNA (a gift from Dr. D. Pick-
up).” The pBp.CrmA virus was produced by cotransfecting 293 cells
with the pBp.CrmA and the plasmid pHCMV-G encoding vesicular
stomatitis virus G glycoprotein,” and supematant was harvested 3
days after the transfection. Virus-containing supematant was con-
centrated by centrifugation to obtain high-titer retrovirus.® The pBp
virus was also produced as an empty virus control.

Tumor Cells

The human GBM cell lines used were described previously.™ The
A1207 cell line was a gift from Dr. 5. Aaronson. The TY8G cells
were infected with either pBp.CrmA or the pBp control virus and

then grown in the presence of 500 ng/ml puromycin (Calbiochem),
and a bulk population of cells ex| ing high levels of CrmA was
used for the experi The G cells were transfected with

either pcDNA3.DN-FADD plasmid or its control vector, pcDNA3
plasmid (gifts from Dr. G. Pan and Dr. C. Kitanaka, respectively), by
using the calcium precipitation method and were selected
in the presence of 1200 pg/ml G418 (Gibco/BRL). Clones express-
ing high levels of DN-FADD were used for experiments. The T98G
cells expressing high levels of Bel-X, were also established by trans-
fection with ﬁgF'FVmo-bcllxl lasmid or its control vector, pSFFV-
neo plasmid (gifis from Dr. S. J. Korsmeyer), as described earlier in
this paper. All cells were cultured as previously described.”

Radiation Therapy

Exponentially growing cells were trypsinized and plated in either
96-well or 12-well plates overnight. The cells were then irmadiated in
an MBR-1505R2 x-ray source (Hitachi Medical Corp.) at various
doses as indicated, followed immediately by treatment with TRAIL
in a fresh medium until subsequent nssays,

Western Blotting

Whole-cell lysates were prepared in RIPA buffer and subjected
to Westemn blot analysis, as previously described.”* Proteins on the
PVDF membranes were probed with antibodies against DRS (poly-
clonal, R & D Systems), DR4 (polyclonal, BD PharMingen), DcR2
{polyclonal, Imgenex), FADD (monoclonal, BD Transduction), Bax
{Ab-1, NeoMarkers), Bak (Ab-1, Oncogene), Bid (polyclonal, BD
PharMingen), Bcl-2 (Ab-1, NeoMarkers), Bel-X, (polyclonal, BD
Transduction), caspase-8 (polyclonal, BD PharMingen), caspase-9
(monoclonal, Trevigen), caspase-3 and HtrA2 (polyclonal, gifis
from Dr. R. Takahashi), PARP (C2-10, Enzyme System Products),
cytochrome ¢ (monoclonal, BD PharMingen), AIF (monoclonal,
Santa Cruz Biotechnology), Smac (polyclonal, Cell Signaling Tech-
nology), B-actin (monoclonal, Sigma), or CrmA (polyclonal, gift
from Dr. D. Pickup), and were detected by chemiluminescence.

Growth Inhibition Assays

Cytotoxicity was evaluated using the MTT survival assays as de-
scribed.® Briefly, cells were plated at 10* cellwell in 96-well mi-
crotiter plates overnight. The cells were then treated with 200 pl
fresh medium containing drugs, cultured for 24 hours, treated with
250 pg/ml MTT for an additional 4 hours, and analyzed using a mi-
croplate reader (Molecular Devices). The effects of treatment were
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expressed as a percentage of growth inhibition, using untreated cells
as the uninhibited control.

Apoptosis Assay

Assays of cell death were performed using in situ cell death detec-
tion kits (Roche) or TUNEL, as described.” The apoplotic index was
calculated as the ratio of apoptotic cell number to total tumor cell
number after examination of more than 1000 cells.

Clonogenic Assay

Colony-forming efficiency was tested, as described.* Briefly, ap-
proximately 500 cells were plated in triplicate into six-well plates
and cultured ovemight. The cells were then irradiated and treated
with TRAIL. After further incubation for 10 to 14 days, they were
fixed and colonies of 50 or more cells were scored. The survival frac-
tion was calculated as the ratio of the colony-forming efficiency of
treated to untreated cells,

Prepararion of Cytosolic and Mitochondrial Proteins

The cells were harvested by centrifugation at 1800 G for 5 min-
utes at 4°C. Afier being washed once with ice-cold phosphate-buf-
fered saline, the cell pellets were res nded in 5 vols of ice-cold
buffer A (20 mM KOH [pH 75}, 10 mM KCl, 1.5 mM
MgCl,, 1 mM sodium ethylenediaminetetrancetic acid, | mM sodi-
um ethyleneglycoltetraacetic acid, and | mM dnhlollutuol) contain-
ing 250 mM sucrose supplemented with protease inhibitors. After
sitting on ice for 15 minutes, the cells were disry by douncing 15
times in a 5-ml dounce homogenizer with the B pestle. The homo-
genates were centrifuged twice at 750 G for 10 minutes at 4°C. The
supematant was centrifuged at 10,000 G for 25 minutes at 4°C, and
the resulting pellets were resuspended in lysis (RIPA) buffer, as de-
scribed earlier (miluchnndﬁnl ion). Su atant recovered from
the 10,000-G spin was further centrifuged at 100,000 G for 1 hour at

4°C, and the resultin, m?umuanl (the cytosolic extract) was recov-
emd and stored at gﬁ' i

Staristical Analysis

The data were for significance using the Student t-test.
Synergism between ‘I{(AIL and IR was assessed using a software
program (CalcuSyn, Biosoft) based on median dose-cffect analysis.
The combination index was calculated for a two-drug combination
involving a fixed concentration ratio. With these methods, a combi-
nation index less than 1.0 indicated a synergistic interaction.

Results

lonizing Radiation Synergistically Enhances TRAIL-
Mediated Cytotoxicity in Vitro in Human Glioma Cells

We sought to determine whether genotoxic IR could en-
hance TRAIL-induced cytotoxicity in glioma cells. One-
time irradiation at various doses had little effect on cell via-
bility in human glioma cell lines more than 48 hours after
treatment, although it did reduce clonogenic growth in a
dose-dependent manner as expected (data not shown). A
low concentration (0.1 pg/ml) of human soluble FLAG-
TRAIL also had only marginal cytotoxicity. However,
when this low concentration of TRAIL was combined with
a single dose of 10 Gy of radiation, substantial and syner-
gistic death of T98G cells was evident within 48 hours. This
reaction was accompanied by changes in structure typical
of apoptotic cell death (Fig. 1A), which was confirmed
by DNA fragmentation detected using TUNEL assays
(Fig. 1B). A median dose-effect analysis of the cytotoxicity
caused by the combination treatment over a range of IR
{2.5-20 Gy) and TRAIL (0.05-0.4 pg/ml) doses deter-
mined using MTT assays yielded combination index values
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considerably less than 1.0 (combination index 0.109), espe-
cially at higher doses of both treatments, which corresponds
to a strong synergism (Fig. 1C). Furthermore, clonogenic
assays demonstrated a high inhibition rate of clonogenic
survival on treatment with the combination of TRAIL and
even a subtoxic dose of IR (2 Gy) in T98G cells, compared
with each of the single treatments (Fig. 1D). Similarly
enhanced cytotoxicity by combined treatment with IR and
TRAIL was observed in the other human p53-mutated
glioma cell lines U251IMG (Fig. 1B, D, E), SF188,
and LN428, Interestingly, this effect was not apparent in
UBTMG, U178MG, and A 1207 glioma cell lines, which are
all p53 wild type.

lonizing Radiation Induces Expression of DR5/TRAIL-R2
in Human Glioma Cells

To explore the underlying mechanisms by which IR aug-
ments TRAIL cytotoxicity in human glioma cells, we next
determined whether radiation could increase the expres-
sion of TRAIL receptors. Results of Westemn blot analysis
showed that the basal level expression of the 55-kD DRS

in increased significantly in a time-dependent manner
E;l‘l:'trmtmmt withglllll at a dose of 10 Gy in the glioma cell
lines T98G, U251MG, and LN428, which had responded 1o
the combination treatment (Fig. 2A). In T98G cells, the ex-
pression level of the DRS protein at 48 hours after IR was
3.9-fold higher than that without irradiation, whereas that of
another cell death-inducing TRAIL receptor, DR4, did not
change on irradiation (1.1-fold). Irradiation resulted in on-
ly a marginal increase in the decoy TRAIL receptor DcR2
(1.6-fold). Similarly, DRS protein expression increased 1.9-
and 2.1-fold on irradiation in U251MG and LN428 cells, re-
spectively, which showed comparatively smaller enhance-
ment of TRAIL-induced cytotoxicity by irradiation than
the T98G cells. In contrast, the a Epl:caﬁon of 10 Gy of ra-
diation resulted in no appreciable increases in any of the
TRAIL receptors in the USTMG cells, which had not re-
sponded to the combination treatment.

Irradiation at 10 Gy led 10 the increased expression of
other apoptosis-related molecules such as Bak (1.7-fold)
and procaspase-3 (2.3-fold) in T98G cells, and Bax (1.8-
fold) in LN428 cells, indicating that irradiation might aug-
ment TRAIL sensitivity by modifying the expression of
molecules involved in multiple intracellular apoptosis path-
ways (Fig. 2B).

Combined IR and TRAIL Induces Activation of Multiple
Caspases

Having determined that DRS protein expression in-
creased in human glioma cell lines on exposure to IR, we
next determined whether the radiation-enhanced TRAIL
cytotoxicity could be mediated through caspase activation,
a hallmark process of apoptotic execution. Whereas one-
time exposure to either radiation or TRAIL led to little if
any cleavage of caspase-8, an initiator caspase at the apex
of the caspase activation cascade, in T98G or U251MG
cells, respectively, combination treatment resulted in
marked cleavage of caspase-8 (Fig. 3A). Similarly, 32 kDa
of caspase-3, a major effector caspase, was significantly
cleaved following combination treatment, as was PARP, an
intracellular substrate of activated caspase-3. Furthermore,
combination treatment resulted in cleavage of Bid, which
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which induces synergistic cell death in human glioma cells. ~ A: Morphological changes on the
combination treatment in T98G glioma cells. Untreated control T98G cells (upper lefi). Cells
were treated with soluble human FLAG-TRAIL (0.1 wg/ml, upper right), 10 Gy of radiation
(lower left), or 10 Gy of radiation together with TRAIL (0.1 pg/mi) (lower righi). All treat-
. e ments were administered for 48 hours.  B: Apoptosis induction on combined treatment. Cells
were plated on coverslips, treated for 2 days as indicated, and subjected to the TUNEL assay,
as described in Materials and Methods. ***p < 0.001 and **p < 0.01, values significantly

greater than those obtained for each treatment alone.  C: The T98G cells were exposed to var-
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would be expected (o activate the mitochondrial apopto-
sis pathway. These cleavages of caspase-3 and -8, Bid, and
PARP were inhibited in the presence of the TRAIL-neutral-
izing chimeric soluble receptor DR5-Fe, suggesting that
binding of TRAIL 1o DRS could mediate the enhanced cas-
pase aclivation induced by the combination treatment.

As expected, on combined IR/TRAIL treatment leading
to cleavage of the BH3-containing Bcl-2 family member
Bid, cleavage of caspase-9, a key initiator caspase involved
in the mitochondrial apoptosis pathway (Fig. 3B), was al-
so apparent. Caspase activation and PARP cleavage were
abrogated in the presence of the broad caspase inhibitor
z-Asp-CH,-DCB, whereas a caspase-9 selective inhibitor,
z-LEHD-FMK, also partially suppressed cleavage of cas-
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jous doses of IR and TRAIL at a fixed ratio for 48 hours, and then the cytotoxicity level was
monitored using MTT assays. The combination index was determined in relation to the frac-
tion of cells affected using the median dose-effect analysis to characterize drug/treatment inter-
actions. Combination index values less than 1.0 correspond to synergistic interactions. Results
are representative of three separate experiments. D: Suppression of clonogenic survival by
combined treatment with TRAIL and low-dose IR. Five hundred cells in six-well plates in trip-
licate were treated with TRAIL, radiation (1 or 2 Gy), or both, followed by further incubation
for 10 to 14 days until colonies formed. Similar results were obtained in two independent ex-
periments. ***p < 0.001 and **p < 001, values significantly greater than those obtained for
each treatment alone, E: Enhanced cytotoxicity induced by the combined TRAIL/IR treat-
ment in p53 mutant (upper panels), but not in p53 wild-type (lower panels) human glioma cell
lines. Cells were treated with or without IR (10 Gy) and/or TRAIL (0.1 pg/mi) for 48 hours,
and then were subjected to MTT assays. The experiment was repeated twice with similar re-
sults. Original magnification X 50.

pase-3 and PARP. Consistently, the pretreatment of T98G
cells with these caspase inhibitors significantly suppressed
the cytotoxicity induced by the combination treatment,
where z-Asp-CH,-DCB appeared the more potent inhibitor
than z-LEHD-FMK (Fig. 3C). These results suggesied a
role for mitochondria in cell-death induction by the combi-
nation treatment.

Both FADD and Caspase-8 are Required for the
Synergistic Cytotoxicity Induced by Combined
IR/TRAIL Treatment

We next determined whether the death signal induced by
IR/TRAIL stems from the activation of the apical caspase
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Fic. 2. Gel blots showing glioma cell line reactions to IR. A:
Induction of DRS protein expression by IR in a time-dependent
manner in human glioma cell lines, Cells were irradiated with
x-rays at 10 Gy for the indicated hours (0, 6, 24, and 48) and har-
vested for preparation of total lysates. Forty micrograms of total ly-
sate was size-fractionated in a 12.5% sodium dodecy sulfate—poly-
acrylamide gel, transferred to a PVDF membrane, and induced to
react sequentially with polyclonal antibodies against human DRS,
DR4, and DeR2. The B-actin blot demonstrates loading of lysate in
each lane. B: Protein expression of other apoptosis-related mole-
cules on application of IR. Western blot analyses were performed
using the specific antibodies indicated.

pathway and the formation of the DISC. We generated sub-
clones of T98G cells stably expressing a DN-FADD (Fig.
4A). Although combined treatment with IR and TRAIL
induced synergistic cytotoxicity in the control cells trans-
fected with the empty vector (T98.pcDNA3), such an effect
was not apparent in cells expressing high amounts of DN-
FADD and was also significantly reduced in those with its
relatively low expression (Fig. 4B). Similarly, we generated
T98G cells expressing the virus protein CrmA, a selective
caspase-8 inhibitor (Fig. 4C). Expression of CrmA also re-
sulted in significant suppression of IR/TRAIL-induced cy-
totoxicity (Fig. 4D). These results suggested that FADD and
caspase-8 are required for the synergistic cell death induced
by the combination treatment and activation of the apical
caspase cascade plays an essential role in death signal in-
duction. Similar results were observed in U251MG cells ex-
pressing DN-FADD or CrmA (data not shown).

Involvement of Mitochondrial Damage in the IR/TRAIL
Treammeni—Induced Cytotoxicity

We next determined the effects of the combination treat-
ment on mitochondria. Treatment with either IR or TRAIL
led 1o a slight elevation in the mitochondrial proteins cyto-
chrome ¢, AIF, and Smac in the cytosol. The combination
treatment further increased the cytosolic release of these
proteins (Fig. 5A), suggesting that mitochondrial damage is
enhanced on combined cytotoxic treatment, which is con-
sistent with the caspase-9 activation described earlier. This
efiect appeared to have some specificity because the cyto-
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FiG. 3. Gel blots and graph dzrnunstmmg the effects of com-
bined treatment with IR and TRAIL, which induces multiple cas-
activation in human glioma cells. A: Activation of caspase-
8 and -3 by administering the combined treatment in T98G and
U251MG cells. Substrates of caspase-8 and -3, Bid and PARP,
respectively, are also significantly cleaved on the administration
of combined IR/TRAIL, which are completely abrogated in the
presence of the TRAIL-neutralizing chimeric protein DR5Fc. B:
Activation of caspase-9 with the administration of the combined
treatment in T98G cells. Effector caspase-3 activation is totally sup-
pressed by a broad caspase inhibitor, z-Asp-CH.-DCB, and treat-
ment with a caspase-9 inhibitor, z-LEHD-FMK, results in partial
suppression of caspase-3 activation. C: Synergistic cytotoxicity
induced by the combined treatment is suppressed by caspase inhib-
itors in TYRG cells. Cells were treated with or without IR (10 Gy)
and/or TRAIL (0.1 pg/ml) in the presence or absence of DR5Fc
(A), z-Asp-CH,-DCB (100 pM), or z-LEHD-FMK (20 M, B and
C) for 48 hours and then were either harvested to prepare total ly-
sates for Western blot analysis (A and B) or subjected to MTT assay
(C). CL = cleaved form; FL = full length; PF = proform.

solic fraction of HrA2/Omi, another mitochondrial apop-
tosis-related molecule, was somewhat reduced on both
TRAIL treatment alone and combined IR/TRAIL (Fig. 5A).

We also generated subclones of T98G cells stably expres-
sing Bel-X, (Fig. 5B). Overexpression of Bcl-X, resulted in
complete suppression of the cytotoxicity induced by IR,
TRAIL, or both (Fig. 5C), further supporting the argument
for the involvement of mitochondrial damage in cell death.

Combined IR/TRAIL Treatment Does not Induce Cell
Death in Normal Human Astrocytes

We next examined the effects of the treatments on normal
human astrocytes. Treatment with IR (10 and 20 Gy) or
TRAIL (0.1 pg/ml) alone and their combination did not
cause cytotoxicity in these cells. In contrast, T98G cells, the
positive control for the combined wreatment, did show the
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Fia. 4. Both FADD and caspase-8 are required in synergistic cytotoxicity induced by the combined IR/TRAIL treat-
ment. A: Gel blot showing TY8G and its subclones expressing varying amounts of DN-FADD (DNFADD) along with
wild-type endogenous FADD.  B. Bar graphs demonstrating inhibition of the enhanced cytotoxicity induced by the com-
bination treatment in T98G cells expressing DN-FADD in a dose-dependent manner. Cells were treated with or without
IR (10 Gy) and/or TRAIL (0.1 pg/ml) for 48 hours and then were subjected to MTT assay.  C: Gel blot showing T98G
cells were infected with either a retrovirus encoding CrmA or an empty virus, and cell populations stably expressing CrmA
were selected during puromycin treatment.  D: Graphs revealing inhibition of enhanced cytotoxicity induced by the com-
bination treatment in T98G cells expressing CrmA, a selective virus protein-inhibiting caspase-8. Cells were treated with
or without IR (20 Gy) and/or TRAIL (0.1 pg/ml) for 48 hours and then were subjected to MTT assay.

expecied enhancement of cytotoxicity (Fig. 6), indicating
that normal human astrocytes are insensitive to the com-
bined treatment with these agents.

Discussion

Malignant gliomas are the most common malignant neo-
plasms of the central nervous system and show extensive
infiltration into surrounding brain parenchyma, rendering
surgical extirpation incomplete and thus necessitating adju-
vant therapies to treat residual tumor cells. External-beam
radiotherapy has been accepted as a standard modality for
posioperative treatment and has been shown to increase
the survival period in patients with malignant gliomas.*'
However, the survival benefit that radiotherapy can bestow
in such patients is limited 10 4 1o 6 months at the most, =
suggesting the existence of many radioresistant gliomas.
Several approaches to enhance the radiation responsiveness
of malignant gliomas have been tried, including the utiliza-
tion of chemical radiosensitizers such as nitroimidazole
compounds to hypoxic tumor cells*" and halogenated py-
rimidine analogs to nonhypoxic tumor cells.” Nonetheless,
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results from clinical trials have failed to demonstrate sig-
nificant benefit from the addition of these drugs to radio-
therapy for GBM,* although some authors have shown
improvement in survival in patients harboring anaplastic
astrocytoma with the combined treatment of pyrimidine
analogs and radiation.”* The use of most chemothera-
peutic agents for cancer has shown no radiosensitization in
patients with malignant glioma,” suggesting that new strat-
cgies to enhance the efficacy of radiotherapy must be pur-
sued.

The induction of apopiosis through death receptor-medi-
ated intracellular signaling is an intriguing anticancer strat-
egy, especially because it involves signaling pathways that
directly activate the death-execuling caspase cascade rather
than the mitochondrial damage through which most current
anticancer therapies, including IR, operate.” Here, we show
that the combination of IR and soluble TRAIL treatment re-
sulted in significant enhancement of cytotoxicity in human
glioma cells through rapid induction of apoptosis. During
the first 48 hours after application, IR upre; DRS5 pro-
tein expression in glioma cells that showed enhanced sensi-
tivity to the treatment, and the upregulation of DRS expres-

J. Neurosurg. / Volume 106 / March, 2007
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FiG. 5. Gel blots and graphs showing involvement of mitochondrial apoptosis pathways on treatment with combined
IR and TRAIL. A: Cytosolic release of mitochondrial proteins on combination treatment with IR and TRAIL. The T98G
cells were treated with or without radiation (10 Gy) andVor TRAIL (0.1 pg/mi) for 48 hours, and cytosolic fractions were
prepared as described in Materials and Methods. Cytosolic proteins were subjected to Western blot analysis using the anti-
bodies indicated. The B-actin blots demonstrate loading of lysate in each lane. B and C: The Bcl-X, inhibits synergistic

apoptosis induction by the combined treatment of IR and TRAIL. Western blot analysis shows overe:

ion of Bel-X,

in T98G.BelX, 13 cells as compared with T98G parental and empty-vector control T98G.SFFV4 cells (B). Enhanced
cytotoxicity induced by the combination treatment is abrogated in T98G.BclX, 13 cells. Cells were treated with or without
IR (20 Gy) and/or TRAIL (0.1 pg/ml) for 48 hours and then were subjected to MTT assay.

sion and TRAIL receptor interaction were essential in this
effect given that TRAIL-neutralizing DR5-Fc abolished the
cytotoxicity induced by the combination treatment. In this
sense, IR could represent a sensitizing y for death-
inducing soluble TRAIL treatment as well as soluble
TRAIL'’s action as a radiosensitizer.

Among the DD-positive receptors for TRAIL, it was only
DRS, and not DR4, whose protein expression was specif-
ically upregulated by IR, whereas expression levels of the
decoy TRAIL receptor DeR2 remained unaffected in glio-
ma cells. This DRS preponderance was consistent with
our previous observations that genotoxic chemotherapeu-
tic agents synergized with TRAIL in apoptotic induction
through upregulation of DRS but not other TRAIL recep-
tors. Moreover, the majority of human glioma cell lines
tested underwent apoptosis after treatment with agonis-
tic anti-human DRS monoclonal human antibodies, where-
as no cell lines responded to an agonistic anti-human DR4
monoclonal human antibody (unpublished data). These re-
sults suggest that DRS could represent the crucial TRAIL
receplor in human glioma. In contrast to DRS, the role of
other key molecules in the TRAIL-induced apoptosis sig-
naling pathways—including FADD, Bax, and Bak*—in the
sensitization to TRAIL appeared to be marginal, because
their modulation by radiation was inconsistent in glioma
cell lines.

The IR-induced DRS upregulation and subsequent en-
hancement of TRAIL-mediated cytotoxicity in glioma cells
appears Lo be p53 independent given that most human glio-
ma cell lines whose DR5 expression was upregulated by IR
(and so were significantly sensitive to the IR/TRAIL com-
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bination treatment) actually harbor 7P53 mutations. Addi-
tionally, p53 wild-type USTMG cells were insensitive to the
combined treatment with no change in the DRS expression
level on IR therapy. Similarly, UI78MG and A1207 cells,
which are also wild type for TP53, showed only minor or no
enhanced cytotoxicity, respectively, on combination treat-
ment. Furthermore, suppression of wild-type p53 function
by the exogenous expression of p53DD, a DN form of p53,
failed to sensitize USTMG cells to the treatment (data not
shown). This result is in contrast to our observation that oth-
er genotoxic chemotherapeutic agents induced synergistic
cytotoxicity with TRAIL in all p53 wild-type glioma cells
tested.® Taken together, wild-type p53 function may be ir-
relevant to the efficacy of the combined TR/TRAIL treat-
ment in human glioma cells, providing benefit for its clin-
ical application because nearly half of malignant gliomas
harbor TP53 mutations. The involvement of p53 function in
the irradiation-induced DRS upregulation and augmented
TRAIL sensitivity might be cell type—dependent, given that
p53 dependence was demonstrated in cancer cells from the
breast,’ prostate,” and blood (leukemia).” Indeed, both p53-
dependent and -independent regulation of DR5 expression
has been demonstrated in cell type- and stimulation-specif-
ic manners,® suggesting the possibility of multiple regula-
tory pathways leading to transactivation of DRS expression.

Soluble TRAIL activates the extrinsic receptor-mediated
pathway where DD-containing adaptor molecules and ini-
tiator caspases are recruited to activate DR4 or DRS for
DISC formation.” In the IR/TRAIL-sensitive human glio-
ma cells, inhibition of FADD by the overexpression of its
DN form resulted in a remarkable abrogation of the cyto-
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FiG. 6. Bar graphs demonstrating that combined treatment with
IR and TRAIL does not affect the viability of normal human astro-
cytes. Cells were treated with or without IR (10 or 20 Gy) and/or
TRAIL (0.1 pg/ml) for 48 hours and then were subjected 1o MTT
assays. Treatment with TRAIL and anti-FLAG antibody was
included as a positive control for the assay. The experiment was
repeated twice with similar results.

toxic effect with the combination wreatment. Expression of
CrmA, which selectively inhibits caspase-8 activation,” also
suppressed synergistic cell death on combination therapy,
indicating a requirement for FADD and caspase-8 in this
synergistic death-inducing signaling as the key adaptor mol-
ecule and initiator caspase, respectively. This result is con-
sistent with the TRAIL-mediated extrinsic pathway ob-
served in other cell types as well as glioma.**? These
observations further support a role for irradiation as a sensi-
tizer of TRAIL,* because this apical caspase activation is
generally absent in radiation-induced cytotoxicity. Marini et
al.* reported that caspase- 10 was required in leukemic cells,
which lack caspase-8, in the synergistic response to IR and
TRAIL, suggesting that caspase- 10) may also transduce aug-
mented death signals at its apical phase. In glioma, our
observations of caspase-8 expression in all cell lines tested
and complete suppression of the synergy by the caspase-8
selective inhibitor CrmA suggest that caspase-8 may play a
central role in the cytotoxicity of the combined therapy in
glioma cells.

Suppression of the combined IR/TRAIL treatment—in-
duced cytotoxicity by overexpression of Bel-X, indicates
a substantial involvement of mitochondria in the apoptosis
pathways in glioma cells, because Bcl-X, exerts its anti-
apoptotic action mainly by preventing permeabilization
of the outer mitochondrial membrane."® Activation of
the intrinsic mitochondrial apoptotic pathways was further
demonstrated by the release of the mitochondrial molecules
cytochrome ¢ and Smac into the cytosol, which resulied in
activation of the apoptosomal caspase-9. Note that the en-
hanced release of another mitochondrial apoptosis-promot-
ing factor, AIF (which directly activates nuclear DNA dam-
age in a caspase-independent fashion), may also contribute
to the cytotoxicity of the combined treatment and may ac-
count for the only partial inhibition of apoplosis by the
caspase-9 inhibitor z-LEHD compared with the strong sup-
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pression by Bel-X, expression. In contrast to AlF, the cyto-
solic fraction of HirA2/Omi, which binds to the X-linked
inhibitor of apoptosis and promoles caspase activation,™
was reduced on [R/TRAIL treatment, suggesting specifici-
ty in the response. The underlying basis of the differential
release of these mitochondrial proteins remains to be eluci-
dated. Extensive cleavage of Bid by the caspase-8 activa-
tion on treatment with IR and TRAIL suggests that mito-
chondrial impairment was induced, at least in part, through
the cross-talk from the exirinsic receptor-mediated pathway
as well as the initial direct damage caused by IR. The extent
of mitochondrial involvement in the IR/TRAIL-induced
apoptosis may vary by cell type, given that the overexpres-
sion of another antiapoptotic molecule, Bel-2, failed to pro-
tect leukemia cells from cytotoxicity induced by the combi-
nation treatment.™

The low sensitivity of human glioma cells to the sole
treatment with the FLAG-tagged soluble TRAIL might
be related to this particular formulation of human soluble
TRAIL, because FLAG-TRAIL required antibody-medi-
ated cross-linking for maximum activity, whereas other
versions of human soluble TRAIL, such as His-tagged or
the untagged trimeric version of human TRAIL, transduce
apoptosis without additional cross-linkers.*#424 [n this
sense, the use of trimeric soluble TRAIL would gener-
ate more potent cytotoxic effects at lower concentrations in
vivo where cross-linkers are unavailable. There is also a
formulation-dependent difference in the TRAIL-induced
toxicity profile. A preparation of His-tagged TRAIL, con-
sisting of multimeric aggregates, exerted strong hepatocyte
toxicity,"” and the membrane-bound form of TRAIL in-
duced liver injury."” Furthermore, the His-tagged version
or a soluble form fused to rimerizing leucine zipper (LZ-
TRAIL) have been shown to induce apoptosis on normal
keratinocytes.®* In contrast, the untagged soluble version,
comprising the amino acid residues 114 to 281, showed no
apoptotic effect on the same type of cells.* This difference
might be due to the over-multimerization of the TRAIL
death receptors by the tagged preparations of TRAIL, be-
cause such preparations may induce aggregation and pre-
cipitation at higher concentrations. The receptor over-mul-
timerization could then lead to a signal surpassing the hi
threshold for apoptosis activation in normal cells.?
untagged zinc-bound TRAIL may not trigger such an apop-
totic signal in normal cells because of its highly stable
and soluble nature as a trimer.** Therefore, this version
of TRAIL would be expected to demonstrate the optimal
toxicity profile in clinical settings. Nevertheless, our results
demonstrate that the tagged soluble form of TRAIL syner-
gizes with IR to preferentially kill GBM cells with mutant
forms of p53.

In addition to the suppression of clonogenic survival by
combining TRAIL with low-dose radiation, the enhanced
cell death induced by the combination treatment reached
maximum levels at a dose of 10 Gy. This result suggests that
combining TRAIL with stereotactic radiosurgery might al-
so lead to effective killing of tumor cells, as could combin-
ing TRAIL with conventional fractionated external-beam
radiotherapy. Indeed, authors of several reports have shown
that the use of radiosurgery as a radiation dose boost after
the completion of conventional fractionated radiotherapy
could improve survival in patients with malignant glio-
ma.?*%# The radiosurgical approach might also be applica-
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ble for recurrent gliomas that have previously been treated
with conventional radiotherapy.® Taken together, our re-
sults showed that the combination of TRAIL and IR causes
rapid glioma cell death and suppresses clonogenic survival
without affecting normal as This result may pro-
vide a potential basis for the application of this therapy as
a mveromegy against intractable gliomas, even on re-
currence, by utilizing high-energy radiotherapy and thus
warrants further investigation in animal models and in clin-
ical settings with the untagged trimeric version of human
TRAIL *#

Conclusions
Combined treatment with the is-inducing death
ligand TRAIL and IR, the well-established standard thera-

peutic modality for malignant glioma, kills human glioma
cells through the activation of DR5-mediated death receptor
pathways, which involves direct activation of not only ef-
fector caspases but also mitochondria-mediated pathways.
This result suggests that a therapeutic strategy for malignant
gliomas in which TRAIL could be synergistically combined
with DNA-damaging radiotherapy might be possible.
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Prognostic Significance of 0°-Methylguanine-DNA
Methyltransferase Protein Expression in Patients with Recurrent
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Background: Temozolomide (TMZ) is active against newly diagnosed glioblastoma (GBM),
and O°-methylguanine-DNA methyltransferase (MGMT) is implicated in resistance to TMZ
and nitrosoureas. We evaluated the efficacy and safety of the standard 5-day TMZ regimen in
patients with recurrent GBM after initial therapy including nitrosourea-based chemotherapy, in
conjunction with an analysis of the prognostic value of MGMT protein expression regarding
response to TMZ and survival,

Methods: From September 2003 to January 2007, 30 patients having recurrent GEM
received 150—200 mg/m*/day of TMZ for five consecutive days every 28 days. Tumor tissue
from 19 patients was analysed for MGMT protein expression using western blotting, and 17
of them were assessable for a response.

Results: The overall response rate was 23.5% (one complete response and three partial
responses). Six patients had stable disease (35.3%). Median progression-free survival (PFS)
lime was 2.2 months, and median overall survival (OS) time was 9.9 months from the
initiation of TMZ therapy. Patients with low MGMT protein expression had a significantly
improved PFS (P = 0.016) and OS (P = 0.019) compared 1o those with high expression. Both
low MGMT expression (P = 0.040) and re-resection at relapse (P = 0.014) persisted as sig-
nificant independent favorable prognostic factors for OS. The most common grade 3 and 4
hematological toxicity was lymphopenia (22.2%).

Conclusions: The standard 5-day TMZ regimen resulted in moderate antitumor activity with
an acceptable salety profile in patients with nitrosourea-pretreated recurrent GBM, and
protein expression of MGMT is an important prognostic factor for patiems treated with TMZ
even alter recurrence.
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INTRODUCTION

Patients with malignant gliomas, the most common primary
neoplasms arising in the central nervous system, have yer a
poor prognosis, despite multimodal intensive treatments
including maximum surgical resection, irmadiation and che-
motherapy. The median survival time (MST) of patients
with glioblastoma multiforme (GBM), the most malignant
form of glioma, remains 12- 15 months from initial diagno-
s1s (1) This disappointing outcome results, at least in pan,
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from low responsiveness to chemotherapy. The therapeutic
benefit of chemotherapy using nitrosoureas, alkylating agents
such as car ine, le tine and nimustine, has been con-
troversial, even in combination with procarbazine, lomustine
and vinenistine (PCV), until the Medical Research Council
reported a large-scale meta-analysis of 12 selected random-
ized clinical trials demonstrating a significant improvement
in risk of progression and survival (2). However, the survival
benefit remained unsatisfactory. with only a 15% reduction
in the hazard ratio.

Temozolomide (TMZ) is on alkylating agent that 1s
rapudly absorbed after oral administration, and peneirates
well into the cerebrospinal fluid a1 a concentration up fo 40%
of that measured in plasma (3- 6). TMZ has been shown to
have clinical antitumor activity against malignant gliomas
and a relatively good safety profile (7.8). A recent phase 111
clinical trial conducted by the European Organisation
for Research and Treatment of Cancer (EORTC) and the
National Cancer Institute of Canada (NCIC) demonstrated
that concomitant radiotherapy (RT) plus TMZ followed by
six cycles of TMZ significantly prolonged survival at the
hazard ratio of 65% compared with RT alone in patients
with newly diagnosed GBM (9). The RT plus concomitant
and adjuvant TMZ regimen has thus been considered as the
new standard care for this group of patients. However, no
standard of care exists for recurrent GBM yet

The mechanism of action by TMZ is thought 1o be
methylation at the 0" position of guanine in DNA, with
additional methylation at the N7 position (10,11). These
alkylating lesions are effectively repaired by a DNA repair
enzyme  O"-methylguanine-DNA  methyltransferase
(MGMT). MGMT catalyzes the stoichiometric, covalent
transler of the alkyl group 1o an internal cysieine residue,
and is linally inactivated (12). A direct relationship between
MGMT activity or expression and resistance to alkylating
nitrosoureas. which also exert their antilumor effects by
alkylating the O position of guanine, has been well docu-
mented in cell lines and xenografis derived from a variety of
human tumors, including gliomas (13,14). Likewise, a sig-
nificant correlation was recently found between methylation
status of the MGMT gene promoter determined by the
methylation-specific polymerase-chain reaction (PCR)
(MSP) assay and survival of patients with newly diagnosed
GiBM treated with RT plus concomitant and adjuvant TMZ
(15). The methylation of the promoter region of MGMT
gene has been shown 10 be a major mechanism 1o turn off
gene transcription, thus is speculated to reduce the intracellu-
lar level of MGMT expression (16), MGMT protein
expression determined by immunohistochemistry (IHC) was
alse found 1o correlate with survival or response to TMZ
trestment in newly diagnosed GBM patients (17,18).
However. other clinical studies failed to show any relation-
ship between MGMT promoter methylation status and survi-
val or response 10 TMZ, even for dose-intensified regimens.
in patients with recurrent GBM (19.20). These contradictory
results could be due to the timing of TMZ administration,

i.e al initial diagnosis versus at recurrence, of might be
dependent on assay methods for detection of MGMT status
(21,22)

Herein. we report the efficacy and safety of the standard
5-day on/28-day cycle regimen of TMZ in patients with
recurrent GBM after failure of multimodal intensive initial
therapy including nitrosourea-based chemaotherapy. In
addition, MGMT protein expression determined by western
blotting was analysed for a correlation with response 1o
TMZ and survival

MATERIALS AND METHODS
PariEnT By

Patients were cligible for this study if they had been diag-
nosed with recurrent GBM. All patients were >3 years of
age with a Kamofsky performance status (KPS)=60. They
had 1o show objective evidence of tumor recurrence or pro-
gression and 1o have adequate hematologic, renal and hepatic
function as follows: absolute neutrophil count> 1500/pl.
platelet count =100 000/jl, hemoglobin=>8 g/dl, serum crea-
tinine and bilirubin levels less than 1.5 times the upper limit
of laboratory normal and AST or ALT<3 times the upper
limit of laboratory normal. Patients were required to have a
life expectancy greater than 3 months, o have prior chemo-
therapy or radistion 4 weeks or more before, and to have
provided written informed consent. The treatment protocol
was approved by the Institutional Ethics Committees,

TREATMENT

TMZ was provided by Schering-Plough Corp. It was admi-
nistered for a maximum of 30 cycles or until unacceptable
toxicity or tumor progression occurred. Patients received
TMZ (150 mg/m*/day) for § days every 4 weceks in the first
cycle (750 mg/m/cycle). In the absence of grade 3 or 4
hematologic toxicity, dosing for the following cycle could be
increased to 200 mg/m/day for § days (1000 mg/m*/eycle)
Repeat cycles were administered on schedule only if, before
the first day of the next cycle, grade 2 or greater neutropenia
or thrombocytopenia was absent. In the case of grade 3 or
greater hematologic toxicity or reversible grade 3 non-
hematologic toxicity (except for nausea/vomiting), the dose
of TMZ was reduced by 25%, with the lowest dose being
100 mg/m*/day. In cases of non-hematologic grade 4 toxicity,
chemotherapy was interrupted  Prophylactic anti-emetics
were given routinely. Neurologic stability was provided with
the lowest corlicosteroid dose when required

Patment EvaLuation

Gadolinium-enhanced magnetic resonance imaging (MR1) or
contrast-enhanced computed tomography was performed at
cither Kyorin University Hospital or the original investi-
gator’s institution. Response evaluation conformed to the




RECIST system (23) for wmor size, and also 10
Macdonald's criteria (24). Patients were closely monitored
for toxicity in all cycles and graded according to National
Cancer Institute Common Termmology Criteria for Adverse
Events (CTCAE) version 3.0, Hematologic and biochemical
evaluations were repeated al least once per eycle

Cimical SPECIMENS

Malignant glial umors were surgically removed at either
Kyorin University Hospital or Tokyo Metropolitan Fuchu
Hospital and stored at - 80°C prior to use. Patient material
was obtained with informed consent on approval from the
Institutional Ethics Committees

WesTERN Brot ANavysis

Whole lysates from tumor specimens were prepared in RIPA
buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 x com-
plete protease inhibitor (Roche), 5§ mg/ml pepstatin, 2 mM
sodium orthovanadate, 0.5 M sodium fluoride and 0.2 M
sodium pyrophosphate| and subjected to western blot ana-
lyses as previously described (25). Proteins on PYDE mem-
branes were probed with a monoclonal antibody against
MGMT (MT3.1, NeoMarker), and B-actin {(monoclonal,
Sigma), and were detected by chemiluminescence and
quantified (LAS 1000, Fuji). The loading of lysates on
membranes was evaluated by B-actin blotting.

AsgessMEnT OF MGMT Protey Exeeession Livil
(MGMT Score)

MGMT protein expression was detected and quantified by
western blotting as described earlier, MGMT expression was
normalized relative 1o the B-actin level of the tumor. Tumor
‘MGMT score (%)" was calculated by standardizing the
MGMT level of cach tumor relative to that of the TYEG
glioma cell line, which expresses a high level of MGMT
protein and is resistant to TMZ and nitrosourea (26}

STATISTICAL ANALYSIS

PFS was evaluated from the first day of treatment 1o relapse,
progression or death, or 1o the last date of follow-up, and
overall survival (0S) was calculated as MST from the first
day of treatment of the recurrent tumor to death for any
reason or fo the last date of follow-up. PFS and OS were cal-
culated according to the Kaplan - Meier method, and differ-
ences in progression and survival according to prognostic
[actors were evaluated with the log-rank test. Paramelers poss-
ibly correlated with disease progression and survivil were
ape, gender, KPS a1 relapse, fromal lobe localization, presence
or absence of re-resection at relapse, prior use of nitrosouren,
response 1o treatment and expression of MGMT protein
A multivariate analysis with the Cox model, used 10 assess
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truly independent prognostic factors, was performed only for
variables for which £ < 0 | was obtained in the univariate
analysis. For continuous variables, the cut-off level chosen for
KPS and MGMT score was the median value, and that for age
was the mean value. All the probability values were two-
sided, and all statistical analyses were done at a significance
level of P = 0.05, using the statistical package SPSS 15.01
(SPSS, Inc., Chicago, IL, USA). The correlation of tumor
MGMT protein expression with clinical variables was evalu-
ated by the chi-square test and the Fisher's exact test. The
length of follow-up was described as the median and range

RESULTS
PATIENTS” CHARACTERISTICS

From September 2003 1o January 2007, a total of 30 patients
with recurrent GBM were treated with TMZ. Among them, 19
patients {11 male and 8 female. a mean age of 48.2 years)
were analysed for umor MGMT status and were included in
this study; their characteristics are outlined in Table 1. One
patient was lost 1o follow-up after initiation of treastment cycle
2 and was not assessable for response, survival and safety

Another patient was not assessable for response because of no
residual tumor on MRI afier re-resection. All patients had
undergone surgical resection as well as RT at the ime of
initial dingnosis. Seventeen patients (89.5%) had received
nitrosourea-based chemotherapy prior to initiation of TMZ
therapy. Re-resection was performed in 10 patients (52.6%)
when the tumor relapsed

MGMT Proten Expression ANALYSIS

The MGMT siatus of the tumors was analysed in 19 patients
(63.3%) whose [rozen tumor tissues were available using
western blotting. The MGMT protein level was determined
by comparing it with that of the T98G human glioma cell
line having high MGMT cxpression and nitrosourea resist-
ance, and was calculated as the *MGMT score’ as described
in ‘Materials and Methods™. The level of MGMT protein in
the GBMs varied substantially (Fig. 1), ranging from almost
undetectable (MGMT score 3.4) to very high (104), with a
median value of 12 8 (Table 1), MGMT protein expression
was nol related to any clinical variables (Fisher’s exact test)
(Table 2). Their characteristics were similar to those of the
entire patient population.

Among the 19 patients in this study. there were six patients
whose primary and recurrent lumor specimens were available for
MGMT protein analysis. In four cases (67%), MGMT expression
was at a similar level in samples obtained from primary and
recurrent tumors of the same patients. In two cases (33%:),
however, it increased from a low to a high level, suggesting that
recurrent tumor might have resulted from selection of tumor
cells expressing high levels of MGMT in a minority of cases
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Table 1. Cliamcienistics of paticnts with GBM and MGMT analyss (o = 19

Table L € harctcrisics of patients with glivblagioma in relation 1o tumor
MOMT protein expression determined by western blot analysis

Chamcteristic Numnber of patients P ¥
Sex
Male I 579
Femuale X 421
Ape. yoans
Mean M2
Range 7-N1
Kamofsky performance statis
Median m
Range 60 110
1 ocalrzation
Froual only T k(8 }
Uither 12 632
Prioe wrestment
Surgery al initial 19 100
diagnosis
Radiwtherapy (& 100
Chemotherapy 18 w47
Re-resection at relapse i 246
(o tewmorolomide )
Prive nitrosoures 17 9§

chemotherapy

MM protein expression (MGMT scare)

Mediang 128
Ranpe 34 14
High expression { = 12.4) 9

Luw expression (< 12.8) 1]

CBM, ghoblastoma; MOGMT, O -nethy)
CENLL chlomethy lnirosoirea

nc-DNA imethy! femse:

REsponst

Of 19 patients whose tumor MGMT expression was deter-
mined. 17 patients wege assessable for response. One had a
complete response (CR)(5.9%), three had a partial response
(PR} (17.6%: overall response: 23.5%), six had stable

GBM
12 34 5678 9 10T
MGMT | - -y e g — 25 KD
FrACH m-—— — - - = 42 KD

MGuT
1. "
4 ag [ AR UIRTRE L B

Figure L Western blot  amalysis ol - piotein  ex pression
(o -methylpuanine-DNA methyltmusferase (MGMT) in human mal
glioanas Tutal lysates were prepared lrom surgically resected human glio-
blastomas and subjected 1o westem blot analysis for MGMT MOGMT
protein was detected at 25 kD in mast timors at vanous levels. [§-Actin
expression is shown us a loading control. Lysute of human plicma TYRG
cells was used as a positive contrml for MOMT expression Nimbers below
e poamel indicate MOMT score i each numne GHM. glioblastarma

Variable MOGMT protein expression (n = 19)
High in= %) Low (n = 10) P value®
Age (year)
=50 h L] 1 1w
<50 3l 4
Ciender
Male 1 4 iim
Female 2 o
Kamofsky perfonnance status
=i ? 6 1.170
< # 7 4
Frontal localiztion
Yes 2 5 0.350
Mo 7 5
Re-resection a relapse
Yes 4 [ 0656
No 5 4
Prioe mitmosourca <hemothernpy
Yes ] ] 1 000
Nev | I
Response
(R PR | 3 nA7h
SD4 PD 7 h

CR, complete respoise; PR, partial respogse; S0, duble disease: PD.
progressive discase
"Indicates Fisher's ¢t 105t

disease (SD) (35.3%) and seven had progressive disease
(PD) (35.3%). TMZ treatment resulted in an overall disease
control rate (CR 4+ PR + SD) of 58.8%. All responses were
confirmed mostly after a 1-month interval or at least 2
months apart. The response rates of this subpopulation were
almost identical to those of the overall patient population. In
the univariate analysis, none of the calegoric variables was
found to be significantly correlated with response (CR + PR)
or overall disease control (CR + PR + SD). MGMT score
tended to be lower in the responders (patients with CR/PR)
than non-responders (those with SD/PD), but the difference
was not significant (Mann- Whitney U-est) (Fig. 2). perhaps
due to an insufficient number of patients

PROGRESSION-TREE SURVIVAL

After a median follow-up of 7.1 months (range: 2.4 - 16.7),
ane patient (5.6%) remained free of progression. PES rom the
initiation of TMZ therapy for the 18 asscssable patients in the
MGMT analysis was 2 2 months (95% C1: 0.0 5.6 months).
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Figure 2. Relationship between the protein level in glioblastomas amd
clinical response

In the univariate analysis (Table 3), only low MGMT
expression was found to be significanily comelated with PFS
(P = 0.016) (Fig. 3A). Unlike age, KPS, frontal localization
and re-resection at relapse, response to treatment (CR + PR)
(P = 0.070) was nearly significant. In the multivariate analy-
sis (Table 4), low MGMT expression remained as the only
independent prognostic factor close to the significant level
(P = 0.060)

OVERALL SURVIVAL

Four of the 19 patients (21.1%) remained alive at the end of
follow-up. MST from the initiation of TMZ therapy for the
patients in the MGMT analysis was 9.9 months (95% CL:
5.5 14.3 months).

In the univariate analysis ( Table 3), re-resection at relapse
(P = 0.002) and low MGMT expression (P = (0.019) were
found to be significantly correlated with OS (Fig. 3B). KPS
{ =80 versus < 80) was near to the level of significance (P =
0.09), unlike age, gender, fromal localization and response to
treatment. Both re-resection at l|:|a||'|'il.‘ and KPS also remained
as significant factors when analysed in the entire patient popu-
lation. In the multivariate analysis (Table 4), only re-resection
at relapse (P =0.014) and low MGMT expression (P =
0,040 persisted as significant independent prognostic lactors.
These fuctors were not associated with each other (chi-square:
P=0463). Because most patienis had received prior
nitmsourea-based chemotherapy, there was no correlation
between survival and history of nitrosourea use.

There were 10 patients whose recurrent tumors were avail-
able for MGMT protein analysis. The median value for the
MGMT score of these tumors was 10.2, which was slightly
than that of all 19 tumors analysed (12.8) Using this
n value. patients with low MGMT protein expression

Iil\\'!.'

med
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Table 3. Variables related 1o PFS and MST i patients with ghoblastoma
with MGMT analysis: vmivanate analysis

Variable PFS (months) MST (months)
Median  95% (1 Pvalue® Median  95% CL P value®
Age (year)
=50 I8 00-37 028 9.0 54125 oM
<50 44 0o 104 13175
Cenider
Male 21 nn-47 054 7.0 40100 043
Female 14 0o 79 1n.3 9% 112
Kamolsky perfommance status
.l 1.7 1.5-19 04l n3 82114 NG9
<8 dn n6-74 i 3698
Froutal localization
Yes 34 no-47 018 0.3 05-112 Nes
o 13 nan-19 R} 47-93
Resresection al relapse
Yes (& 15-21 044 14 02107 0o
No 14 nn-71 a7 44 .90
Pritw nitrosoirea chemotherspy
Yes [ n-54 059 uy 54-144 06h
Nao 22 NA 4h NA
Hesponse
CR PR 44 13-75 Ont0 74 IR0 0
SDHPD 1T L5119 240 44 130
MUMT score
1275 I 6 n6-271 0016 10 %0 00
<124 43 26-64 10.3 80-117

PFS, progression-free survival; MST, median survival time: Cl, confidence
interval: NA, pot applics
“lindicates log-rak.

still had nearly significantly improved OS than those with
high expression (log-rank, P =0.050), despiic a small
number of patients analysed

Toxicmy

A 1otal of 107 treatment cycles of TMZ were administered
(median: six cycles per patient: range: |- 13), Treatment was
generally well tolerated (Table 5). Among 18 patients who
received more than one treatment cycle, the dose was esca-
lated 1o 200 mgm’*’d.w in all pmcnu Two patients received
a wduclum in dose to 150 mg"m"d.w and one patient, to
100 mg/m™/day, due 10 nausea or infection Regarding hema-
tologic toxicity, grade 4 neutropenia or thromboeytopenia
did not occur Grade 4 lymphopenia was found in only one
patient (S.6%). A total of five incidents of grade 3
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hematologic toxicity were found in four patients (neutrope-
nig: 1 = 1: thrombocytopenia: n = 1; lymphopenia: n = 1)
No patients received a blood transfusion. The most common,
probably treatment-reluted, hematologic toxicity was lym-
phopenia (grade 1-4, 77.8%) The incidence of non-
hematologic grade 3 or 4 toxicity was low, including elev-
ated transamidases levels (22.2%), nausea/vomiting ( 11.1%)
and fatigue (5.6%). Two patients (11.1%) discontinued treat-
meni because of adverse events, which consisted of grade 3
liver dysfunction (n = 1) and grade 2 pneumonia (n=1)
This pulmonary event resolved without sequelae with stan-
dard treatment. Preumocystis carinii pneumonia was nol
confirmed in any patient despite that the prophylactic tri-
methoprim was not administered. There was no significant
correlation between tumor MGMT protein expression and
toxicity, except for grade 3 and 4 lymphopenia that oceurred
only in patients whose GBM expressed linle MGMT protein

DISCUSSION

Despite recent progress in the medical management of many
malignant tumors, high-grade glioma, especially its most
malignant form GBM, remains incurable and patients with

GBM usually do not survive more than | year, necessitating
the development of new active agents. TMZ, an orally
administrable alkylating agent, has become the first signifi-
cantly active therapeutic drug against newly diagnosed
GBM., extending survival time by a median value of 2.7
months when concomitantly combined with conventional
fractionated RT of 60 Gy, compared with RT alone (9). The
survival benefits derived from the concomitant TMZ therapy
were shown to correlate with methylation status of the gene
of the DNA repair enzyme MGMT (15), which appeared
reasonable because MGMT can sequester TMZ-induced gen-
otoxic methyl adducts from guanines in DNA (27). These
results prompted us to analyse whether TMZ could also have
a similar effect on recurrent GBM, in conjunction with an
analysis of the influence of tumor MGMT expression, in
patients who had previously received multimodal treatment
regimens including ACNU whose antitumor activity is also
known to be hampered by MGMT (14,28).

In the present study, we demonstrated that the standard
5-day on/28-day cycle TMZ regimen was safe and feasible
even in patients with chemotherapy-pretreated recurrent
GBM. Mot patients received more than 1w cycles of TMZ,
and the major reason for the discontinuation of treatment
was tumor progression, not toxicity. The TMZ therapy
vesulted in o MST from the initiation of therapy of 9.9
months, an OS rate at 6 months of 78 0%, a PFS rate at 6
months of 22.2%, an overall response rate of 23.5% and a
discase control rate of 58.8%. These results are slightly
better than those reported in patients with GBM at either
first or sccond relapse in several phase |l clinical trials,
where OS at 6 months ranged from 46% to 60%, MST was
54-635 hs, PFS at 6 hs was 18 24%, the response
rate was 8- 19% and the disease control rate was 40-51%
(29 32). These studies contained more patients who were
chemonaive at the mitiation of TMZ therapy, suggesting that
activity with the standard TMZ regimen might not be sub-
stantially affected by preceding chemotherapy with
nitrosoureas,

Although molecular determinants of the sensitivity of
glioma cells 1o TMZ may include the mismatch repair func-
tion and protein expression (18). and G2/M checkpoint
proteins (33--35), MGMT has been indicated as the major
factor conferring resistance to TMZ because of its direct
repair of methylated guanine residues (27). As expected,
patients with recurrent GBM. which expressed a low level of
MGMT protein, had a significantly better OS and PFS after
undergoing TMZ therapy than those with a high level of
wmor MGMT expression in the univanaie analyses. even
though the number of patients analysed was small (Fig. 3).
The low MGMT protein expression was further identified as
an independent favorable prognostic factor in terms of OS,
and also o nearly significant factor for PES (P = 0.069) by
multivariate analyses (Tables 3 and 4). These results were con-
sistent with the findings in the large phase 11l EORTC/NCIC
trinl conducted for patients with newly diagnosed GBM (151,
and further extend the notion that MGMT plays a key role m
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Table 4. Preicrors of FFS and overall sirvival in paticuts with gliohlastoma with MGMT analysis: multivaniate analysis

Variable PFS Overall swrvival

Hazan! ratic Y5 O1 P value® Hazard ratio 5% C1 P value®

Kamaofsky perfonnance staros
R n5s iy 263 1453

R I

Re—resection al relapse

Yes URT h02--0.64 UKLIE]
No 1

Responine
CR i PR 145 n74- 1203 URRE
S0 ¢ PD i

MOMT soore
“12.8 340 0951219 1060 4.24 IN7-1679 1020
<12¥ I I

Indicates Cox wode)

Table 8. Major adverse events observed in patients with GRM during all eyeles of tenwznlomide treatment

Toxicity Grade 3 Cirnde 4 Grades 14 total
Number of paticnts Number of patients Percentage Nimber of paticits Percentage
WHC conmt ] ] ] 0 0 0.0
Meverophils I 5.0 fl n i 333
Platelets I St i (1] h 11
Lympliocyies 3 167 i 56 L] 1%
Hemuoglobin n n i} 1] n 55 6
Any hemutologsc ioxcity
I luding Iyinphocyiopenia 4 222 I S5h 17 B4
Excluding lymphocylopema I 56 n ] 14 TR
Elevated transamidase 4 12 ] U] 13 722
Natisca 2 1 ] ] fi 333
Voiniting 2 N [} 1] } 167
Fatigue [l " [ 56 5 17K
onrstipation il U n U] 5 278
Eptlepsy L] (1] ] i 3 1h7?
Fulmonary N 0 i ] | ¥ ]
1 1] ] ] ] U]

Allerghe dkin n

WRC, white blood cells

determining the efficacy of TMZ against GBM not only still had improved OS5 than those with high expression
chemonaive but also in nilrosourea-pretreated patients However, a recent phase Il study by Brandes et al (20)
Indeed, among patients whose recurrent tumors were analysed showed no correlation between MGMT promaoter methylation
for MGMT expression, those with low MGMT expression  status and response rate, PES or OS in patients treated with
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