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TALL-104 is a human leukemic T cell line that expresses
markers characteristic of both cytotoxic T lymphocytes
and natural killer cells. TALL-104 cells are potent tumor
killers, and the use of lethally irradiated TALL-104 as
cellular therapy for a variety of tumors has been explored.
We investigated the interactions of TALL-104 cells with
human brain tumor cells. TALL-104 cells mediated in-
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creased lysis of a panel of brain tumor cells at low effec-
tor-to-target ratios over time. We obtained evidence that
TALL-104 cells injured glioma cells by both apoptotic
and necrotic pathways. A 7-amino actinomycin D flow
cytometry assay revealed that the percentages of both
apoptotic and necrotic glioma cells increased after TALL-
104 cell/glioma cell coincubations. Fluorescent micro-
scopy studies and a quantitative morphologic assay con-
firmed that TALL-104 cell/glioma cell interactions resulted
in tumor cell apoptosis. Cytokines are secreted when
TALL-104 cells are coincubated with brain tumor cells;
however, morphologic analysis assays revealed that the
soluble factors contained within clarified supernates
obtained from 4 h coincubates added back to brain tumor
cell cultures did not trigger the glioma apoptosis. TALL-
104 cells do not express Fas ligand, even upon coincuba-
tion with glioma targets, which suggests that the Fas/Fas
ligand apoptotic pathway is not likely responsible for the
cell injury observed. We obtained evidence that cell injury
is calcium dependent and that lytic granule exocytosis is
triggered by contact of TALL-104 cells with human
glioma cells, suggesting that this pathway mediates
glioma cell apoptosis and necrosis. Neuro-Oncology 6,
83-95, 2004 (posted to Neuro-Oncology [serial online],
Doc. 03-014, February 12, 2004. URL http://neuro-
Oncology.mc.duke.edu; DOI: 10.1215/51152 8517 03
00014 0)

C onventional therapy for primary malignant brain

tumors consists of surgical debulking followed by
chemotherapy and radiation (Laws, 1998; Prados
et al., 1998). Unfortunately, WHO grade IIl and IV astro-
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cytomas in particular do not respond well to these ther-
apies. Immune therapy approaches have been actively
investigated for brain tumor treatment because of their
potential for selective destruction of malignant cells while
leaving normal cells unharmed (Paul and Kruse, 2001;
Virasch and Kruse, 2001).

TALL-104 cells were derived from a 3-year-old patient
with acute lymphocytic leukemia (Cesano and Santoli,
1992; O’Connor et al., 1991). They are an interleukin 2
(IL-2)*-dependent leukemic T cell line that has surface
markers typical of those found on both cytotoxic T lym-
phocyte (CTL) and natural killer (NK) cells (cluster of
differentiation 3+ [CD3+]/T-cell receptor a and B+ chains,
CD8+, CD56+). The TALL-104 cells lyse tumor cells in
a non-major histocompatibility complex (MHC)-restricted
fashion and do not lyse normal cells. In preclinical stud-
ies, lethally irradiated TALL-104 cells have been used to
treat subcutaneously implanted U87-MG human glioma
in mice with severe combined immunodeficiency (Cesano
et al., 1995), and the antitumor activity of TALL-104
cells has been investigated in a brain tumor xenograft
model (Geoerger et al., 2000). Work performed in our
laboratory with a variety of primary brain tumor types
supports the idea that localized administration of lethally
irradiated TALL-104 cells may be useful as a cellular
therapy for glioma patients (Kruse et al., 2000). TALL-
104 cells lysed pediatric and adult brain tumor cells, were
innocuous to normal brain cells, and trafficked through
brain parenchyma, which indicates that they may have
the ability to reach pockets of infiltrating tumor cells.
Irradiation did not adversely affect TALL-104 cell medi-
ated brain tumor cell lysis in vitro (Kruse et al., 2000),
and lysis was observed even after IL-2 withdrawal. Thus,
cellular therapy trials involving intracranial administra-
tions of lethally irradiated TALL-104 cells could be per-
formed without concomitant IL-2 treatment, which is
expected to reduce toxicity (Kruse and Merchant, 1997,
Kruse et al., 1997; Saris et al., 1989). Irradiated TALL-
104 cells have been systemically administered as effec-
tor cells in other cellular therapy cancer trials. A phase
1 clinical trial for canines with advanced tumors given
TALL-104 cellular therapy was shown to be nontoxic
and, in some cases, able to induce the disappearance of
tumor (Cesano et al., 1996a; Visonneau et al., 1997,
1999a, b). Subsequently, a phase 1 study of patients with
refractory metastatic breast cancer demonstrated that
TALL-104 cells were well tolerated (Visonneau et al.,
2000). Additionally, one pediatric patient with an ependy-
moma received multiple, low doses of irradiated TALL-
104 cells intracranially with no untoward effects (Free-
man et al., 1999).

Despite their promise as an antitumor cellular therapy,
the mechanism(s) by which TALL-104 cells specifically
recognize and eliminate human brain tumor cells remains
unknown. In other model systems, TALL-104 cells eradi-
cate NK-resistant, NK-sensitive, and leukemic target cells
through both apoptotic and necrotic pathways (Cesano
and Santoli, 1992; Cesano et al., 1996b). In this report,
we provide data to further elucidate TALL-104 cell inter-
actions with brain tumor cells. We show that (1) necrotic
and apoptotic cell death is induced in glioma cells
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exposed to TALL-104 cells, (2) soluble factors, such as
the cytokines that are upregulated upon coincubation of
TALL-104 cells with gliomas, do not induce apoptosis in
glioma cells, (3) cytokine production is depressed in the
presence of dexamethasone, (4) the Fas/Fas ligand (FasL)
system is not likely involved in cell injury because TALL-
104 cells do not express FasL, and (5) granule exocytosis
likely mediates the lytic interaction between TALL-104
cells and gliomas.

Materials and Methods

Effector TALL-104 Cell Culture

TALL-104 cells were maintained in Iscove’s modified
Dulbecco’s medium (IMDM; Life Technologies, Grand
Island, N.Y.) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Gemini Bioproducts, Wood-
land, Calif.) and recombinant human IL-2 (100 units/ml;
Chiron Corp., Emeryville, Calif.). They were incubated
at 37°Cin 10% CO, and humidified air. For some exper-
iments the TALL-104 cells were gamma-irradiated (*’Co,
4000 rads) before the cytotoxicity experiments were per-
formed (Kruse et al., 2000).

Human Tumor Target Cell Culture

The human glioma cell lines or explants used in these
experiments, DBTRG-05-MG, 04-11-MG, 10-08-MG,
and 14-07-MG, were obtained according to the Col-
orado Multiple Institutional Review Board guidelines
and practices (COMIRB protocol 01-778), established in
culture, and characterized (Kleinschmidt-DeMasters et
al., 1999; Kruse et al., 1998, 1992). Cultured ependy-
moma explants, 01-23-PBT and 13-02-PBT, were also
placed into culture as described (Kruse et al., 2000). The
cells were maintained in F12/Dulbecco’s modified essen-
tial medium (1:1 v/v, Life Technologies) containing 10%
FBS in a humidified 5% CO, incubator.

Cytotoxicity Assays

The *'Cr release assay was used to determine the lytic
activity when TALL-104 cells were incubated with gli-
oma tumor cells (Kruse et al., 1989). Briefly, 5 x 10° tar-
get cells suspended in 0.1 ml of their growth medium
were labeled with 100 wCi of Na,”'CrO, (Amersham,
Park Ridge, Ill.) for 90 min at 37°C. Cells were washed
twice with Hank’s balanced salt solution (Life Technolo-
gies) and suspended in IMDM growth medium. In a final
volume of 0.2 ml, 10* target cells were placed into
96-well, round-bottom microtitration plate wells that
contained various concentrations of irradiated or nonir-
radiated TALL-104 effector cells. In some experiments,
blockade of the granule-exocytosis pathway was achieved
by adding 10 mM ethylene glycol-bis(2-aminoethyl)
N,N,N’,N’-tetraacetic acid (EGTA) (Calbiochem, LajJolla,
Calif.), a calcium chelator, to the assay medium (Lyub-
chenko et al., 2001; Zweifach, 2000). The plates were
centrifuged at 200 x g for 5 min and incubated for 4 or



18 h at 37°C in a humidified 10% CO, atmosphere. Fol-
lowing centrifugation at 200 x g for 10 min, 50% of
the well volume was harvested and counted. Maximal
release was produced by incubation of the targets with
2% Triton X-100 (Sigma-Aldrich, St. Louis, Mo.). Spon-
taneous release was the cpm of targets in assay medium
alone. The percentage of specific release was calcu-
lated bY the formula [(Cpmexperimental - Cpmspontaneous)/
(Cpmmaximal - Cpmspontaneous)] x 100%. Values were
reported as the mean specific release of triplicate wells,
provided that the standard error did not exceed 10%. An
analysis of variance was used to statistically compare the
experimental groups (Winer, 1971).

Flow Cytometric Assay with 7-Amino Actinomycin D
to Determine Cell Viability/Injury

Glioma cells (04-11-MG, 10-08-MG, and 14-07-MG)
were plated into sterile 6-well plates for 24 h. The ad-
herent glioma cells were labeled with 0.25 pM carbox-
yfluorescein diacetate succinimidyl ester (CFSE) in phos-
phate-buffered saline (PBS) following the manufacturer
instructions (Molecular Probes, Eugene, Oreg.). TALL-
104 cells were then added to the wells at a 10:1 effector-
to-target (E:T) ratio. Coincubation for 4 h at 10% CO,
in a 37°C humidified chamber was followed by collection
of the cells in suspension and harvesting the adherent
cells with 0.025% trypsin treatment. The adherent cells
were combined with the nonadherent cells. After cen-
trifuging, a 100-wl volume of a 20-pg/ml 7-amino acti-
nomycin D (7AAD) in PBS solution was added to the
cells in suspension. After staining of the cells for 20 min
at 4°C, they were pelleted by centrifugation, resuspended
in 500 pl of PBS, and analyzed by flow cytometry within
30 min at the University of Colorado Flow Cytometry
Core facility. Scattergrams were generated by combining
forward light scatter with 7AAD fluo-rescence of the
CFSE-labeled glioma population. Regions were drawn
around clear-cut populations having negative (live cells),
bright (dead cells), and dim (apoptotic cells) fluorescence
(Philpott et al., 1996; Schmid et al., 1994). After con-
firming that the segregation was appropriate with one of
the gliomas, by confirming that =75% of the cells were
positive by fluoresceinated annexin-V staining for the
early apoptotic cell marker phosphatidylserine (Lecoeur
et al., 2002), the percentages of glioma cells within the
segregated live, apoptotic, and necrotic populations were
determined.

Fluorescent Microscopy Assay to Discern Apoptosis

Adherent glioma cells were labeled in a 37°C incubator
for 30 min with CellTracker Orange (5 M CMTMR,
Molecular Probes, Inc.) in serum-free Dulbecco’s modi-
fied essential culture medium according to the manufac-
turer instructions. Pelleted, nonadherent TALL-104 cells
were resuspended and similarly labeled with CellTracker
Green (5 uM CMFDA, Molecular Probes) in serum-free
IMDM culture medium. After labeling, the probe-con-
taining medium was replaced by non-probe-containing
medium for another 30 min, and the cells were then
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washed twice with PBS. The cells were then incubated
overnight in serum-containing medium. The glioma cells
were harvested with 0.125% trypsin, washed, and coin-
cubated with TALL-104 cells at a 10:1 E:T ratio. Incu-
bations proceeded for 0, 2, and 4 h. Hoechst 33342 dye
(Sigma-Aldrich) was added to the cell mixture at a final
concentration of 1 pg/ml for the last 10 min of the incu-
bation period, except for the 0-h incubation, where cells
were labeled prior to mixing. The mixed cells were pel-
leted, washed twice with PBS, fixed with 2% parafor-
maldehyde in PBS, and stored at 4°C overnight. They
were examined on coverslipped slides by fluorescence
microscopy (Olympus BH microscope equipped with epi-
fluorescence accessories [Olympus America, Inc., Melville,
N.Y.]). Appropriate filters (exciter filter UG-1, dichroic
mirror U, and barrier filter L-420) were used to discern
the cell type by its orange or green labeling, and the
glioma cell numbers with condensed or fragmented
nuclei were determined by Hoechst dye at each of the
incubation times. The mean percentage of apoptotic cells
observed = standard error was determined from 4 sepa-
rate experiments for each of 3 different malignant glioma
cell lines exposed to TALL-104 cells.

Quantitative Cell Morphology Assay
to Determine Apoptosis

Cell morphology studies were performed to discern apop-
totic figures in hematoxylin and eosin (H&E)-stained
cells after 1-, 2-, or 4-h coincubation of TALL-104 cells
with glioma cells. The glioma cells (4 x 10*) were plated
onto sterile Lab-Tek 4-well glass chamber slides (Nalge
Nunc International, Naperville, Ill.) for 48 h. Then
medium was gently aspirated from the wells and replaced
with medium containing TALL-104 cells (4 x 10°) in sus-
pension. The mixtures were incubated at 10% CO, in a
37°C humidified chamber for 4 h. The medium was
removed, the chambers were gently rinsed with Hank’s
balanced salt solution (Life Technologies), and the cells
were fixed in 10% phosphate-buffered formalin for 30
min before H&E staining. Glioma cell nuclear morphol-
ogy was examined by light microscopy (Olympus BX40,
Olympus America, Inc.). Cell counts (800 total) were
segregated into groups identified as normal live, apop-
totic, or mitotic. From 3 separate experiments, the per-
centages of each cell type present were calculated at dif-
ferent incubation periods for 3 different human gliomas.

Testing to Determine if Soluble
Factors Mediate Apoptosis

To ascertain if a soluble factor(s) mediated the induction
of apoptosis, conditioned medium from coincubated
TALL-104 with tumor cells was clarified by centrifuga-
tion at 400 x g for 10 min and added back to glioma cell
cultures. Induction of apoptosis was examined by obtain-
ing cell type counts described for the morphologic analy-
sis above at the end of a 4-h incubation. As in the above
experiment, the clarified medium, or dilutions of it with
fresh medium, were placed onto glioma cells that had
been plated for 48 h.
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Cytokine Secretion by Enzyme-Linked
Immunosorbent Assay

Levels of interferon (IFN)-y, tumor necrosis factor
(TNF)-a, TNF-B, and granulocyte macrophage-colony
stimulating factor (GM-CSF) were measured in clarified
supernates obtained 18 h after coincubation of TALL-104
cells with brain tumor cells in a dexamethasone-containing
(10 M) culture medium at an E:T ratio of 10:1. Cytokine-
specific enzyme-linked immunosorbent assay kits (Endo-
gen, Boston, Mass.) were used according to the manu-
facturer protocol. The sensitivities of the assays were 20
pg/ml for IFN-y and TNF-a, 8 pg/ml for TNF-B, and 7.8
pg/ml for GM-CSE.

Flow Cytometric Phenotypic Analysis of FasL on
TALL-104 Cells and of Fas on Glioma Cells

To determine if upregulation of FasL occurred on TALL-
104 cells after a 16-h coincubation with glioma cells (E:T
1:1), glioma cells plated onto 12-well culture plates for
24 h were labeled with 0.25 uM CEFSE so that they could
be distinguished from TALL-104 cells by flow cytometry.
Adherent glioma cells were harvested with a solution of
2 mM ethylene diamine tetraacetic acid in PBS. Glioma
cells or nonadherent TALL-104 cells were resuspended
after washing and centrifuging in flow cytometry wash
buffer (PBS, 1% FBS, 0.2% sodium azide). The cells were
incubated with purified primary antibodies at 4°C in the
dark for 15 min with CD9S5 (Fas on gliomas) or CD95L
(FasL on TALL-104 cells) (BD Biosciences Pharmingen,
San Diego, Calif.). The cells were rinsed and washed
in flow cytometry wash buffer. Goat anti-mouse IgG
phycoerythrin-conjugated antibodies (Beckman Coulter,
Miami, Fla.) were added to the cell suspensions next, and
they incubated for 15 min prior to fixation. Samples were
then delivered to the University of Colorado Cancer Cen-
ter Flow Cytometry Core for analysis. After gating the
cells stained with isotype control antibody, the percent-

age of cells positive for the primary antibodies and their
relative antigen densities (expressed as mean fluorescence
intensities [MFIs]) were determined.

Assay to Monitor for Glioma Cell Injury by Granule
Exocytosis Induced by TALL-104 Effector Cells

04-11-MG glioma cells were loaded with calcein by incu-
bating them with 1 uM calcein-AM (Molecular Probes,
Inc.) in cell culture medium for 15 min at room temper-
ature. They were allowed to settle acutely onto poly-L-
lysine-coated coverslips. The extracellular solution for
imaging experiments (Ringer’s solution) contained the
following, in millimoles per liter: 145 NaCl, 4.5 KClI,
1 MgCl,, 2 CaCl,, § HEPES (N-2-hydroxyethylpiper-
azine-N’-2-ethanesulfonic acid), and 10 glucose (pH 7.4
with NaOH), and imaging experiments were performed
at room temperature with an imaging system described
previously (Zweifach, 2000). A Nikon 40 X oil-immersion
objective (numerical aperture 1.4 [Nikon, Melville, N.Y.])
was used. Fluorescence data were analyzed off-line by
using macros written in Igor Pro (Wavemetrics, Lake
Oswego, Oreg.).

Results

Irradiated TALL-104 Cells Lyse Human Brain Tumor
Cells at Low E:T Ratios

Table 1 presents the results of 4- and 18-h *'Cr-release
assays started simultaneously to study the tumoricidal
effects of TALL-104 cells against several glioma (10-08-
MG, 14-07-MG) and ependymoma (01-23-PBT, 13-02-
PBT) brain tumor cell explants. Low, clinically achievable
E:T ratios were used. At the E:T ratios examined, statis-
tically significant increases of brain tumor cell lysis at
18 h were observed by analysis of variance (P < 0.05).
Although this particular assay does not distinguish

Table 1. TALL-104 cell cytolysis of human brain tumor cells increases over time at low E:T ratios®

Percent lysis

Tumor Length of assay Tumor type 10:1 5:1 2.5:1 1.25:1
10-08-MG 4h Glioblastoma 263 26.0 18.0 14.4
10-08-MG 18 h 65.2 61.0 52.3 41.0
14-07-MG 4h Glioblastoma 69.0 62.0 53.0 38.0
14-07-MG 18 h 97.3 99.0 94.0 74.0
01-23-PBT 4h Ependymoma 63.0 55.0 49.0 40.0
01-23-PBT 18 h 81.0 81.0 78.0 78.0
13-02-PBT 4h Ependymoma 53.0 44.0 33.0 37.0
13-02-PBT 18 h 77.0 68.0 75.0 79.0

Abbreviations: MG, malignant gliomas; PBT, pediatric brain tumors.

Mean percent lysis obtained at 4 or 18 h in ®'Cr-release assays by TALL-104 cells against various primary cultures of brain tumor cells are
shown at various E:T ratios. The standard error of the means ranged between 0.4% and 3.6% for the 4-h assays and ranged between
1.1% and 10% for the 18-h assays. Statistically significant differences (P < 0.05) were obtained by analysis of variance between the

4- and 18-h lytic values at the E:T ratios examined.
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Fig. 1. Detection of apoptotic and necrotic cells by the 7AAD assay. Images show carboxyfluorescein diacetate succinimidyl ester-labeled
glioma cells that were and those that were not coincubated with TALL-104 cells at a 10:1 E:T for 4 h. A. 10-08-MG cells. B. 10-08-MG +
TALL-104 cells. C. 14-07-MG cells. D. 14-07-MG + TALL-104 cells. E. 04-11-MG cells. F. 04-11-MG + TALL-104 cells.

between the lysis of brain tumor cells by necrotic or
apoptotic pathways, these data do suggest that a con-
tinuum of glioma cell killing by TALL-104 cells occurs
over this time frame.

Evidence That Glioma Cell Injury by TALL-104 Cells
Shows Features of Necrosis and Apoptosis

During cell injury the plasma membrane becomes
increasingly permeable, and a fluorescent DNA dye,
7AAD, which selectively binds to guanosine/cytosine
regions of the DNA, is taken up by the cells in propor-
tion to the degree of injury (Schmid et al., 1994). The
scattergrams in Fig. 1 that were obtained from CFSE-
labeled 10-08-MG, 14-07-MG, and 04-11-MG glioma
cells are shown without (Figs. 1A, 1C, 1E, respectively)
or with (Figs. 1B, 1D, 1F, respectively) a 4-h coincuba-
tion with TALL-104 cells. It is apparent that cell injury
of all 3 gliomas occurred after their coincubation with
TALL-104 cells by upward shifts of cells into the segre-
gated apoptotic and necrotic areas. The percentages of
apoptotic and dead glioma cells that were detected by the
7AAD assay in CFSE-labeled glioma cells that were or
were not coincubated with TALL-104 cells at a 10:1 E: T
for 4 h are shown in Table 2. The percentages of dead
cells obtained for each of the glioma cell populations cor-
relate with those obtained by trypan blue dye exclusion.
The percentages of apoptotic cells for the glioma cell

populations are high; however, the assay detects cell
injury at early stages, some injury of which may be
reversible. In addition, this particular assay analyzes both
adherent cells and cells in suspension. Therefore, the
numbers of apoptotic cells would be higher than in
assays that analyze only adherent cells. The percentages
of both apoptotic and dead cell populations increase dra-
matically after glioma cell exposure to TALL-104 cells.

Table 2. Increases in apoptotic and necrotic glioma cells after coin-
cubation with TALL-104 cells as determined by the 7AAD assay

Cells in 7ZAAD assay® % Live % Apoptotic % Dead
04-11-MG 56.7 37.0 6.2
04-11-MG + TALL-104 9.5 49.4 41.3
10-08-MG 68.1 213 9.9
10-08-MG + TALL-104 75 49.3 42.7
14-07-MG 45.4 40.5 13.5
14-07-MG + TALL-104 6.8 61.5 32.7

Abbreviation: 7AAD, 7-amino actinomycin D.

*The malignant glioma cells were or were not coincubated with TALL-104 cells for 4 h at
a 10:1 E:T ratio. All cells were labeled with 7AAD, and the glioma cells were also labeled
with carboxyfluorescein diacetate succinimidyl ester so that the glioma cells could be gated
for analysis by flow cytometry. The values are for the glioma cells after coincubation.
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Fig. 2. Detection of glioma cell apoptosis caused by TALL-104 cells.
TALL-104 cells were coincubated with 04-11-MG, 10-08-MG, and
14-07-MG glioma cells for 0, 2, and 4 h. The percentages of apop-
totic glioma cells were determined from Hoechst dye-stained frag-
mented or condensed nuclei visualized by fluorescence microscopy.
The mean percentages + standard error are given from counts taken
from 4 separate experiments.

Fluorescent Microscopic Evidence for Apoptotic
Glioma Cell Death

To further examine the possibility that TALL-104 cells
injure glioma cells by apoptosis, a fluorescent microscopy
technique was used to quantify glioma cells with con-
densed or fragmented nuclei after their coculture with
TALL-104 cells. TALL-104 cells were labeled with Cell-
Tracker Green probes, and glioma cells (04-11-MG,
10-08-MG, 14-07-MG) were labeled with CellTracker
Orange probes. The nuclei of the cells were labeled with
Hoechst 33342 dye. After incubation for 0, 2, and 4 h at
an E:T ratio of 10:1, the mean percentages of apoptotic
glioma cells were obtained from 4 separate experiments
(Fig. 2). Apoptotic cell percentages observed at 0 h were
considered baseline for each of the gliomas and ranged
from 6% to 10%. Even at a low E:T ratio of 10:1, one of
the gliomas, 04-11-MG, exhibited high percentages of
apoptotic cells at 2 and 4 h (41%-48%) relative to the
other two gliomas (10-08-MG, 14-07-MG), which exhib-
ited more moderate amounts of apoptosis at those time
points (17%—-29%). Figure 3A demonstrates 3 green-
labeled TALL-104 cells in contact with a larger orange-
labeled glioma cell. Figure 3B is the respective Hoechst
dye-labeled view of the same cells demonstrating the
glioma cell with a fragmented nucleus.

TALL-104 Cell Coincubations with Brain Tumors
Cause a Decrease in Gliomas with Mitotic Figures
and an Increase in Apoptosis

To further confirm that TALL-104 cells injure adherent
glioma cells by apoptosis, a quantitative morphologic
analysis of glioma cell monolayers cocultured with
TALL-104 cells was performed. Glioma cells cultured in
the absence of TALL-104 cells had normal nuclear mor-
phology, and mitotic figures were evident (Fig. 3C). In
contrast, upon 4-h coincubation of TALL-104 cells with
glioma cells, numerous apoptotic glioma cells were pres-
ent (Fig. 3D). Glioma cells exposed to TALL-104 cells
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displayed morphologic changes indicative of apoptosis:
nuclear DNA condensation, fragmented nuclear DNA,
and shedding of apoptotic bodies. TALL-104 cells were
also seen in direct contact with apoptotic glioma cells.
Glioma cell morphology was examined by light micro-
scopy after TALL-104 cells were coincubated with them
for 4 h at a 10:1 E:T ratio. For each glioma cell line, 800
H&E-stained adherent cells were scored as either live
normal, mitotic, or apoptotic. Morphologic analysis re-
vealed changes relative to control, glioma-alone cultures.
For the 3 glioma cultures, there was an approximate 3-
fold decrease in the percentage of glioma cells with
mitotic figures, and an 11- to 35-fold increase in the per-
centage of apoptotic cells at 4 h (Table 3). In correlation
with the findings by fluorescent microscopy, one glioma
cell line, 04-11-MG, was exquisitely more sensitive to
TALL-104 cell injury and therefore analyzed at earlier
times because, at 4 h, fewer adherent glioma cells were
available for morphologic analysis.

Cytokines Secreted upon Coincubation of TALL-104
Cells with Glioma Cells Are Decreased in the Presence
of Dexamethasone

Three human glioma cells lines were cocultured with
irradiated TALL-104 cells for 18 h with and without dexa-
methasone at 10 M. The clarified supernates, analyzed
for IFN-y, GM-CSF, TNF-a, and TNF-B cytokines, indi-
cated that the production of the cytokines was decreased
or suppressed in the presence of high-concentration dexa-
methasone (Table 4).

Soluble Factors Produced upon Coincubation of
TALL-104 Cells with Glioma Cells Do Not Induce
Apoptosis, but May Decrease Mitosis

To determine if a soluble factor(s) mediated the induction
of apoptosis and/or inhibition of cell proliferation, clar-
ified supernates were obtained from 4-h coincubates of
TALL-104 cells with brain tumor cells. The clarified
supernates, or dilutions of it, were added to glioma cell

Table 3. Decrease in mitosis of glioma cells and increase in apopto-
sis upon coincubation with TALL-104 cells as determined by an in
vitro morphologic assay®

% Mitotic % Apoptotic
Tumor + TALL-104 1h  2h  4h 1h 2h 4h
04-11-MG 1 1 10.7 66 55 27

04-11-MG + TALL 0 0 3.4 519 459 291

10-08-MG 10.4 1.6
10-08-MG + TALL 2.7 55.7
14-07-MG 4.1 3.2
14-07-MG + TALL 1.3 36.9

*Values obtained from microscopic counts of H&E-stained glioma cells attached to 4-well
chamber tissue culture slides. Apoptotic and mitotic figures were determined by light
microscopy at 1, 2, or 4 h after coincubation of TALL-104 cells with glioma cells. Eight
hundred cells were examined and scored as normal, mitotic, or apoptotic. The E:T ratio
was 10:1.
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Fig. 3. Confirmation of apoptosis induction in glioma cells by a fluorescent microscopy technique and by an in vitro morphologic assay.
A. Three CellTracker Green-labeled TALL-104 cells (smaller cells) in contact with a CellTracker Orange—labeled glioma cell (larger cell).
B. Hoechst 33342 dye-labeled nuclei of the same cells demonstrating that the glioma cell has a fragmented nucleus. C. H&E-stained brain
tumor cell monolayer cultured in the absence of TALL-104 cells demonstrating that the normal, nonapoptotic brain tumor cells are large, con-
tain abundant cytoplasm, and have large oval nuclei. A mitotic figure in a glioma cell at metaphase is seen (arrowhead). D. A view of an H&E-
stained brain tumor cell monolayer after coincubation with TALL-104 cells for 4 h. The coincubation of TALL-104 cells with the human
brain tumor cells resulted in an increase in apoptotic tumor cells with a concurrent decrease in the number of brain tumor cells with mitotic
figures. Cells identified as apoptotic (thin arrows) demonstrated classic morphological changes: either condensed nuclei, fragmented nuclei,
or shedding of apoptotic bodies and membrane blebbing. TALL-104 cells were visualized in direct contact with apoptotic brain tumor cells

(thick arrows). The inset shows H&E staining of TALL 104 cells.

monolayers, and 4 h later morphologic analysis was
performed. Morphologic analysis revealed that for all 3
glioma cell lines the soluble factors present in the
medium do not cause an induction of apoptosis (Table
5). The positive control, addition of TALL-104 cells, was
placed into parallel cultures, and in each instance the per-
centage of apoptotic cells increased. The number of cells
with mitotic figures was decreased approximately 5- to
10-fold upon exposure to varying dilutions of the clari-
fied supernates. These data imply that either cell contact
alone, or cell contact with soluble factors, may be re-
quired to induce apoptosis of glioma cells.

The Fas/FasL Pathway Is Not Likely Involved as an
Antiglioma Mechanism

Secretion of TNF often results when an apoptotic path-
way of cell injury is enacted. One of many possibilities
is a Fas/FasL interaction. To determine whether this

Table 4. Cytokines are secreted when irradiated TALL-104 cells are
coincubated with brain tumor cells, but secretion is decreased in the
presence of dexamethasone (units in pg/ml)

Coincubated agents® IFN-y  GM-CSF  TNF-a TNF-B
DBTRG-05MG + TALL 4.8 68.4 45 21.8
DBTRG-05MG + TALL + Dex O 14.2 0 0
04-11-MG + TALL 0 19.4 45

04-11-MG + TALL + Dex 0 2.8 6.6 5
10-08-MG + TALL 16 93.4 0 33.6
10-08-MG + TALL + Dex 0 10.2 0 0

*DBTRG-05MG, 04-11-MG, and 10-08-MG are all derived from glioblastoma cell
explants at passages 12, 18, and 8, respectively. Human brain tumor cells were cocultured
with irradiated TALL-104 cells for 18 h. Supernates were harvested, clarified, and tested
for the presence of cytokines by enzyme-linked immunosorbent assay. Cytokines were
not detected in the supernates from brain tumor cells or TALL-104 cells cultured alone.
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Table 5. Soluble factors produced upon coincubation of TALL-104 cells with glioma cells do not induce apoptosis but may influence mitosis*

Glioma + Supernate = Medium (v:v) % Mitotic % Apoptotic
04-11-MG + None / new medium 4 5.0
04-11-MG + Coincubation supernate / new medium (1:1) 0 3.0
04-11-MG + Coincubation supernate / new medium (2:1) 3 3.0
04-11-MG + Coincubation supernate / none 1 3.0
04-11-MG +  TALL-104 cell control’ 1 23.0
10-08-MG + None / new medium 10 1.6
10-08-MG + Coincubation supernate / new medium (1:1) 1 4.8
10-08-MG + Coincubation supernate / new medium (2:1) 2 4.2
10-08-MG + Coincubation supernate / none 0 4.0
10-08-MG + TALL-104 cell control® 0 64.8
14-07-MG + None / new medium 6 2.0
14-07-MG + Coincubation supernate / new medium (1:1) 1 2.0
14-07-MG + Coincubation supernate / new medium (2:1) 3 3.0
14-07-MG + Coincubation supernate / none 2 5.0
14-07-MG +  TALL-104 cell control’ 0 40.0

*Four-hour morphologic assessment of H&E-stained glioma cells attached to 4-well chamber slides. After coincubation of human glioma cells with TALL-104 cells, supernate was col-
lected and clarified. Clarified supernate, either neat or diluted (v/v) with fresh medium, was then added to brain tumor cell monolayers. After a 4-h incubation period, 400 cells were

examined and scored as normal, mitotic, or apoptotic.

“The 3 glioma cells explants were coincubated with TALL-104 cells as a positive control.

interaction may be involved between TALL-104 cells
and glioma cells, the expression of FasL. on TALL-104
cells and the expression of Fas on gliomas were deter-
mined by flow cytometric analysis (Table 6). Although
nearly all cells of the 3 gliomas tested did express Fas
at moderate levels (99.8%-100% positive, MFIs 5.5-7.8),
the TALL-104 cells did not express FasL (1.2% positive,
MFI 0.27).

Conceivably, the coincubation of an effector with a
target might upregulate the expression of such molecules.
However, even after a 16-h coincubation of TALL-104
cells with glioma cells, the expression of FasL was not
altered on the TALL-104 cells (0.1%-2.2% positive,
MFIs 1.0-3.6). Thus, it is unlikely that this particular
cell-cell recognition system is used by TALL-104 cells to
engender injury of glioma cells.

Evidence That Glioma Cell Injury by TALL-104 Cells
Is Calcium Dependent

Three human gliomas were placed into 4- and 18-h cyto-
toxicity assays performed with or without EGTA, a cal-
cium chelator. EGTA was placed into the assay medium
to prevent injury due to the granule-exocytosis pathway
since perforin-mediated lysis is calcium dependent. The
data show that 2 of the 3 gliomas (10-08-MG and 14-07-
MG) were killed exclusively by a Ca**-dependent mech-
anism, while the other (04-11-MG) was killed largely by
a Ca**-dependent mechanism (Fig. 4). The data shown
are for the 4 h assay time, but similar findings were
obtained at 18 h.

Table 6. Phenotypic expression of FasL by TALL-104 cells and Fas by glioma cells

Cells assayed® Coincubated cells Antibody % cells positive MFI®
TALL-104 None Anti FasL 1.23 0.26
TALL-104 10-08-MG Anti FasL 0.1 1.0
TALL-104 04-11-MG Anti FasL 2.2 3.6
TALL-104 14-07-MG Anti FasL 0.1 1.0
10-08-MG none Anti Fas 100 7.83
04-11-MG none Anti Fas 99.8 6.21
14-07-MG none Anti Fas 99.8 5.52

Abbreviations: FasL, Fas ligand; MG, malignant glioma.

“The cell type assayed was either incubated alone or coincubated with carboxyfluorescein diacetate succinimidyl ester-labeled MG cells
for 16 h prior to assessing for upregulation of FasL on the TALL-104 cells by flow cytometry.

MFI is mean fluorescence intensity reflective of the relative antigen density.

20 Neuro-Oncology APRIL 2004



B None
[1EGTA

04-11-MG  10-08-MG

Gliomas

14-07-MG

Fig. 4. Calcium-dependent lysis of glioma cells by TALL-104 cell
effectors is demonstrated. Three human gliomas (04-11-MG, 10-
08-MG, and 14-07-MG) were placed into 4-h cytotoxicity assays
with (Q) or without () 10 mM ethylene glycol-bis (2-amino ethyl)
N’'N'N’,N’-tetraacetic acid (EGTA) in the assay medium. At a 10:1
E:T ratio, a complete or partial inhibition of glioma cell lysis occurred
when EGTA, a calcium chelator, was present. The mean percent lysis
+ standard error is given.
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Direct Evidence for Lytic Granule Exocytosis During
the Interaction of TALL-104 Cells with Malignant
Brain Tumors

The evidence presented thus far suggests that TALL-104
cells do not kill malignant brain tumors by either the
Fas/FasL pathway or by secretion of soluble proapoptotic
cytokines. We surmised that since granule-dependent
killing of malignant brain tumors is primarily dependent
on extracellular calcium, lysis could be due to granule
exocytosis. As a further test of this idea, we used a
method we developed that directly monitors target cell
membrane integrity due to perforin pore formation (Fig.
5). We monitored interactions of TALL-104 cells with
04-11-MG cells in these experiments. We loaded 04-11-
MG cells with calcein, adhered them to poly-L-lysine
coated coverslips, and allowed an excess of unlabeled
TALL-104 cells to settle into contact with them. Figure
5A shows a representative field of 04-11-MG cells before
(top) and 5000 s after (bottom) the addition of TALL-
104 cells. Some of the cells lost calcein during the course
of the experiment (arrows). Figure 5B shows fluorescence
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Fig. 5. Evidence that granule exocytosis occurs during the interaction between TALL-104 and glioma cells. A. Calcein-loaded 04-11-MG
glioma cells before (upper panel) and then at 5000 s after the addition of TALL-104 cells (lower panel). The arrows in each of the panels point
to the locations of adherent fluorescent cells initially present that lost fluorescence during the experiment. B. Fluorescence traces from indi-
vidual cells shown in A. The upper trace is an example of a cell that did not release calcein; the second, third, and bottom three panels
monitor individual cells that displayed calcein release at 900 s, 1500 s, and 3100 s, respectively, after the addition of the TALL-104 cells. C.
Time course of hitting for the experiment shown in A and B. Approximately 25% of cells were hit over the 5000-s (83-min) duration of the

experiment.
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traces for individual 04-11-MG cells from the experiment
shown in A. Two types of behavior were observed. In
some cells (like the one shown in the top trace), fluores-
cence at the end of the experiment was approximately
80% of its initial value. Examination of the time course
of the fluorescence signal revealed that the decrease in flu-
orescence was gradual and monotonic, likely because of
photobleaching. In contrast, traces from cells like those
highlighted by arrows in Fig. SA reveal abrupt drops in
calcein fluorescence. (The bottom 3 traces in Fig. 5B are
representative.) This behavior is characteristic of per-
forin-mediated membrane damage following lytic gran-
ule exocytosis. Figure 5C shows that over the 5000-s (83-
min) duration of the experiment performed at room
temperature, approximately 25% of 04-11-MG cells
were hit by perforin. If hitting continued at this rate, we
would expect >70% of 04-11-MG cells to be hitin 4 h
at 37°C. This rate of hitting is more than sufficient to
account for killing of 04-11-MG (Table 2).

Discussion

Several mechanisms for effector-mediated cytotoxicity
have been described for specific and nonspecific effector
cell populations: (1) antibody-dependent cell-mediated
cytotoxicity, (2) necrosis that is thought to reflect Ca**-
dependent granule exocytosis-mediated cytotoxicity,
(3) apoptosis that may be either Ca** dependent, or Ca**
independent if the damage is mediated through CD95/
CD9SL (Fas/FasL) interactions, and (4) cytokine-mediated
cytotoxicity (Berke, 1994; Cappello et al., 2002; Chong et
al., 1989; Geske and Gerschenson, 2001; Hehner et al.,
1998; Henkart, 1994; Li et al., 1998). The latter 3 were
investigated as possible mechanisms for glioma cell injury
by TALL-104 cells.

Multiple lines of evidence suggest that glioma cells
killed by TALL-104 cells show features characteristic of
both apoptotic and necrotic cell death. Despite the fact
that TNF is among the cytokines secreted upon coincu-
bation of gliomas with TALL-104 cells (Table 4; Kruse et
al., 2000), soluble factors that include those cytokines
with half-lives that are present within the 4- to 8-h time
frame of our experiment (Table 5) are not responsible for
the glioma apoptosis observed. Immune T cells can trig-
ger apoptotic signals through the Fas receptor or by the
exocytosis of granzyme B and perforin (Barry et al.,
2000; Bossi and Griffiths, 1999; Cappello et al., 2002).
Since TALL-104 cells did not express FasL (Table 6),
Fas/FasL interactions probably play little to no role in the
cell injury observed. Since recent evidence suggests that
the appearance of FasL on the surface of CTL can be
mediated by exocytosis of lytic granules (Bossi and Grif-
fiths, 1999) and that a Ca**-dependent induction requires
a transcriptional component that requires 4 to 5 h after
activation (Vignaux et al., 1995), we coincubated TALL-
104 cells with glioma targets for 16 h before looking at
FasL expression on the TALL-104 cells. We found no
upregulation of FasL expression (Table 6). Although cal-
cium is required for FasL induction, the binding and acti-
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vation of FasL are calcium independent (Bossi and Grif-
fiths, 1999; Vignaux et al., 1995). Indeed, granule exo-
cytosis-dependent killing is absolutely dependent on
extracellular Ca**, as the release of granules by CTL, the
insertion of perforin monomers into the target cell mem-
brane, and the polymerization of perforin monomers to
form functional pores all require extracellular Ca**
(Henkart et al., 1984; Takayama and Sitkovsky, 1987;
Uellner et al., 1997). The cytotoxicity experiments with
EGTA (Fig. 4) indicate that cell injury is mediated largely
by a calcium-dependent mechanism(s). In the case where
lysis of one glioma was partially inhibited, the data sug-
gest that a pathway of cell injury other than Fas/FasL is
enacted.

Previous work that imaged the dynamics of single
TALL-104 cells interacting with bispecific antibody-
treated Raji B cells directly demonstrated the release of
lytic granules (labeled with a lysosomotrophic dye, Lyso-
Tracker Red ) followed approximately 15 s later by efflux
of calcein from the target cells (Lyubchenko et al., 2001).
We also observed evidence of lytic granule exocytosis
during TALL-104/glioma cell interactions (Fig. 5). Could
lytic granule exocytosis mediate both necrosis and apop-
tosis of glioma cells? Several lines of evidence suggest that
this is the case. When granzymes are secreted in the pres-
ence of perforin, they are internalized and trigger apop-
totic cell death (Waterhouse and Trapani, 2002). Fur-
thermore, we know that one TALL-104 cell is capable of
successive and rapid lysis of multiple Raji tumor targets
(i.e., 3 targets killed within <8 min).* Therefore, necrotic
cell injury is also likely to be one mechanism used for tar-
get cell destruction.

Dexamethasone is an immunosuppressive glucocor-
ticoid often administered to glioma patients to control
brain edema. We have tested for the effects of dexa-
methasone on lysis and cytokine secretion, using a range
of dexamethasone concentrations from 10 to 107* M
(5.16-516 x 10 g/liter dexamethasone sodium phos-
phate), when combining effector cells of various types
(lymphokine-activated killer cells, lectin-stimulated lym-
phocytes, alloreactive CTL, TALL-104 cells) with glioma
target cells (Kruse and Merchant, 1997; Kruse et al.,
2000; Read et al., 2003). The in vitro concentrations of
dexamethasone tested were at or exceeded the serum
level doses that might be achieved in patients given 1 or
8 mg/day the previous day. For 1- or 8-mg/day doses,
clinical laboratory test ranges are 140 to 295 ng or 1600
to 2850 ng dexamethasone/dl of serum, respectively
(Esoterix, 2002). The lower and upper values translate
to 1.4 to 28.5 x 10 g/liter. We assume that the serum
levels of dexamethasone would be higher in patients
given bolus steroid (up to 20 mg/day), such as might be
given at surgery. Assuming that brain parenchyma lev-
els do not exceed those in serum or CSF, the 10° M con-
centration tested with TALL-104 cells is at, or more likely
above, the serum levels achieved at bolus therapeutic
application. With alloactivated lymphocytes, dexa-
methasone concentrations of 10, 107, and 10® M did
not have an effect on 4- or 18-h lytic activity (Read et al.,

4 Zweifach, A., unpublished data, 2003.



2003). However, the secretion of T helper 1 (Tj;1)-type
cytokines at 18 h was depressed in a concentration-
dependent manner, whereas T};2 cytokine secretion was
unaffected or even enhanced as the concentration of dexa-
methasone increased (Read et al., 2003). With TALL-104
cells, high-concentration dexamethasone (10 M) was
able to impair TALL-104-mediated brain tumor cell lysis
only in 18-h cytotoxicity assays but did not do so in 4-h
assays (Kruse et al., 2000). Since adoptively transferred,
lethally irradiated TALL-104 cells are likely to exert their
direct, lytic effector function quickly, the impairment at
18 h was not considered to be a detriment. We also
showed that T};1 cytokine secretions, variably upregu-
lated upon TALL-104 cell coincubations with cultured
brain tumor cells (Kruse et al., 2000), were decreased
when high-concentration dexamethasone was present
(Table 4). The implication of this finding is that patients
on extremely high-dose steroid therapy may exhibit an
altered response to TALL-104 cellular therapy. It is
unknown what the overall effects of a depressed Ty1
cytokine microenvironment would be. In vivo, the cyto-
kines produced may be required to activate a beneficial
endogenous immune response directed toward glioma
cells. Alternatively, the inflammation that may be induced
in the brain by the therapy may be beneficially reduced
by dexamethasone to make the therapy tolerable.

The interactions between glioma cells and TALL-104
cells remain enigmatic, despite work performed in 3 sep-
arate laboratories specifically with brain tumors and
TALL-104 cells (Cesano et al., 1995; Geoerger et al.,
2000; Kruse et al., 2000). It is not clear what cell adhe-
sion and recognition molecules give TALL-104 cells the
ability to differentiate between normal and tumor cells.
Nearly 70% of TALL-104 cells express the T-cell recep-
tor a and B chains (O’Connor et al., 1991). Although the
brain tumor cells used in these experiments express HLA
class I antigens, blocking antibodies to class I had little to
no effect on the lysis of gliomas at 4 or 18 h.’ Therefore,
lysis of gliomas is likely largely non-MHC-restricted, as
has been observed for TALL-104 cell interactions with
other tumor cell types. In some instances, lysis was actu-
ally enhanced with addition of the anti—class I antibody,®
which suggests that the blocking of the class I sites may
in fact allow better recognition of other sites involved in
the cytotoxicity. Furthermore, leukocyte function anti-
gen-1/intercellular adhesion molecule-1 (LFA-1/ICAM-
1) interactions do not appear to be involved in TALL-104
cell interactions with gliomas. Although TALL-104 cells

> Kruse, C.A., unpublished data, 2003.
€ Ibid.
7 Ibid.
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are 100% positive (MFI = 33.6) for LFA-1 expression
and 2 of the 3 gliomas examined had greater than 90%
expression of [CAM-1 (the other had 18% expression),
blocking antibodies to ICAM-1 failed to inhibit lysis at
either 4 or 18 h.” Therefore, ICAM-1/LFA-1 interactions
are probably not important for TALL-104 cell-induced
glioma cell injury. Furthermore, homotypic binding
between neural cell adhesion molecules is also not likely
to be involved in the lytic interaction because while 81%
to 94% of TALL-104 cells express CD56 or neural cell
adhesion molecules (O’Connor et al., 1991), cultured
glioma cells lose their expression of the adhesion mole-
cule (Kleinschmidt-DeMasters et al., 1999). More work
is needed to determine how TALL-104 cells recognize
glioma cells.

Our laboratory’s research interests have developed
around the use of allogeneic CTL, reactive to the tumor-
bearing host’s MHC antigens, as potent brain tumor cell
effectors (Fleshner et al., 1992; Kruse et al., 1990, 1994;
Redd et al., 1992). Follow-up on 6 patients enrolled into
a phase 1 trial where alloreactive CTL cells were repeat-
edly infused intracranially into the resected tumor beds
of recurrent brain tumors (Kruse and Rubinstein, 2001;
Kruse et al., 1997) demonstrated that 3 of 6 patients
responded to treatment. Alloreactive CTL cells require
individualization of the biologic (Kruse and Beck, 1997).
If other well-defined allogeneic effector cells, such as
lethally irradiated TALL-104 cells, showed the same
promise but the effector cell production could be batched,
it could offer advantages for intratumorally administered
cellular antiglioma therapy. Studies on systemically
administered TALL-104 cells in various animal model
systems (including severe combined immunodeficient ani-
mals, immunocompetent mice, and canines) have shown
that TALL-104 cells are potent tumor cell killers. Impor-
tantly, detailed toxicological evaluations performed with
rodents, dogs, monkeys, and human patients have shown
that TALL-104 cells are nontoxic (Cesano et al., 1994,
19964, b; 1997). Despite their promise, however, trials of
locally administered TALL-104 cells as cellular therapy
for brain tumors have not yet been conducted.
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