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Summary
Two immunoresistant (IR) glioma cell variants, 13-06-IR29 and 13-06-IR30, were cloned from
13-06-MG glioma cell populations after receiving continuous immunoselective pressure from
multiple alloreactive cytotoxic T lymphocyte (aCTL) preparations. Reapplication of aCTL
immunoselective pressure to the IR clones, displaying a partial regain in sensitivity to aCTL after
removal of the selective pressure, restored the resistance. The IR variants exhibited cross-resistance
to non-human leukocyte antigen (HLA)-restricted effector cells and γ-irradiation, but not to
carmustine. The IR clones were characterized for factors that might contribute to the
immunoresistance. The aCTL adhesion to extracellular matrix extracts derived from either the IR
clones or the parental cells was similar and not impaired. Furthermore, aCTL binding to parental
cells and IR clones was equal. Down-regulation of the cell recognition molecules, class I HLA or
intercellular adhesion molecule-1 (ICAM-1), that would inhibit their recognition by aCTL was not
observerd on the IR clones. The down-regulation of Fas by the IR clones correlated with their
resistance to FasL-induced apoptosis. HLA-G or FasL that might provide an immunotolerant
environment or provide a means of counterattack to aCTL, respectively, were not associated with
the IR phenotype. The aCTL, coincubated with the IR clones and parental cells, displayed up-
regulation of multiple secreted cytokines. A significant up-regulation of bioactive transforming
growth factor (TGF)-β was observed in the IR clones compared with the parental cells. These data
suggest that increased secretion of bioactive TGF-β may inhibit aCTL lysis of the IR clones.
Disruption of the TGF-β signaling pathway may circumvent the resistance.
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Malignant glioma patients demonstrate a limited response to conventional therapies that
include surgery, radiation, and/or chemotherapy.1,2 The location of gliomas within a
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semiprivileged immune site,3 T helper immune cell defects of the patients,4,5
immunosuppressive glucocorticoid therapy to alleviate vasogenic edema, and glioma-derived
immunosuppressive factors prevent the host from mounting effective antitumor responses.6,
7 Consequently, the prognosis for these patients still remains poor, with survival times of 12
to 14 months, even with aggressive treatment regimens.2,8 To overcome these obstacles,
researchers have devised strategies to stimulate and/or enhance antitumoral immune responses
in glioma patients and to circumvent glioma-induced immunosuppression.9

The same mechanisms in place to prevent host-mediated tumor rejection may also impede
adjuvant immunotherapies from suppressing tumor growth.10,11 Notably, tumors used
multiple tactics to evade attack by cytotoxic effector cells that include production of
glycosaminoglycan coats, down-regulation of class I human leukocyte antigens (HLA) or
intercellular adhesion molecules (ICAM) to prevent their adhesion to and recognition by T
cells.12-14 Furthermore, tumors may either down-regulate their Fas (CD95) expression to
prevent their destruction, or up-regulate their Fas ligand (FasL) molecules to counterattack the
T lymphocytes.15

A cellular therapy approach tested by our research group in a phase 1 clinical trial involved
local adoptive transfer of recombinant human interleukin-2 (IL-2) and ex vivo activated
alloreactive cytotoxic T lymphocytes (aCTL). Repeated administrations of aCTL, generated
in hollow fiber bioreactors and sensitized to the patient HLA antigens, were placed into the
resected tumor beds of recurrent malignant glioma patients.16-18 Three of 6 patients treated
may have responded.18 Although the results of the phase 1 trial were promising, we decided
to explore plausible explanations to account for disease progression in the nonresponders. One
explanation, among others, was the existence of intrinsically immunoresistant (IR) glioma
cells. We cloned aCTL resistant glioma cells for study after applying aCTL immunoselection
in vitro.19

Two IR glioma cell clones, 13-06-IR29 and 13-06-IR30, were isolated from continuously
immunoselected 13-06-MG glioma cell populations and cytogenetically characterized.19 The
IR variants were present at a low frequency within the immunoselected cell populations and
resisted lysis by multiple aCTL populations in the absence of immunoselective pressure.19 We
have determined that the IR clones display a reduced induction to aCTL-induced apoptosis,
and microarray analyses have implicated multiple down-regulated proapoptotic factors in both
clones.20

Here we examined the susceptibility of the IR clones to other apoptotic/necrotic stimuli, such
as non-HLA–restricted effector cells, carmustine and γ-irradiation and to FasL-mediated
apoptosis. Our experimental approach to clarify the mechanism(s) of immunoresistance
involved a survey for the possible employment of strategies by the IR clones to create an
immunotolerant microenvironment, by examining factors that prevent apoptotic induction in
the clones, by inducing effector aCTL apoptosis, or by disrupting aCTL adhesion/recognition
to the IR clones. In addition, we examined the cytokines secreted by the IR clones, parental
cells, and aCTL when cultured alone and upon coincubation of the aCTL with parental cells
and IR clones.

MATERIALS AND METHODS
Cell Culture

The Jurkat T cell leukemia line, erythroleukemic K562 cells, 13-06-MG glioma cells and in
vitro aCTL-immunoselected clones, 13-06-IR29 and 13-06-IR30 derived from continuously
immunoselected 13-06-MG cultures,19 were maintained in RPMI 1640 (Mediatech, Herdon,
VA) containing 10% fetal bovine serum (FBS, Gemini-Bioproducts, Woodland, CA) in a 37°
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C humidified chamber with 5% CO2. The DBTRG-05 MG glioma cells and the TALL-104
leukemic T cell line were cultured as described.21,22 The HLA class I antigens displayed on
13-06-MG cells were A1, A2, B44, B57, and Bw4, and the class I antigens displayed on
DBTRG-05 MG cells were A2, A68, B35, B38, Bw4, and Bw6, as determined by molecular
typing using polymerase chain reaction sequence-specific-primers and sequence-based typing
(ClinImmune Labs, Aurora, CO). TALL-104 cells were positive for the following HLA
antigens: class I HLA-A11 and A29, HLA-B8 and B58, HLA-DR3 and 8, and HLA-DQ 2 and
4.23 G10 cells, which are K652 cells stably transfected with the human FasL gene,24 were
maintained in Dulbecco’s modified Eagle’s medium containing 10% FBS and 1.0 mg/mL G418
(Invitrogen, Carlsbad, CA). Cells were negative for mycoplasma by Hoechst 33342 (Sigma,
St Louis, MO) staining.19

Activation and Culture of aCTL, Allogeneic Lymphokine-activated Killer (LAK), and TALL-104
Cells

Under institutional regulatory body approval, precursor aCTL were obtained from either
leucopaks derived from aphaeresis procedures, or from heparinized whole blood drawn from
healthy volunteers. Sensitization of the precursor aCTL to glioblastoma patient 13-06 HLA
occurred as previously described.19,25 aCTL cultures were restimulated with OKT-3 (10 ng/
mL; Ortho Pharmaceutical, Raritan, NJ) every 12 to 14 days. The cytokines secreted by aCTL
upon coincubation with target cells and their lytic activity was tested between 14 and 28 days
after the initial sensitization.

For activation and generation of LAK cells, cryopreserved peripheral blood mononuclear cells
isolated from the same blood donors used to generate aCTL cells, were thawed and incubated
with 600 IU/mL of IL-2 in RPMI 1640 containing 10% FBS. After 4 to 5 days, the ability of
LAK cells to lyse glioma parental cells and IR clones was determined. The cultured TALL-104
cells were cryopreserved after lethal irradiation (400 rads) with a 137Cs source.22,26 The
cryopreserved cells were quick-thawed and washed twice in phosphate-buffered saline (PBS)
before placing into cytotoxicity assays as previously described.22,26

Cytotoxicity and Survival Assays to Measure Sensitivity of Gliomas to Non-HLA–restricted
Effectors, Carmustine, and Radiation

The 51Cr release assay was used to determine the lytic activity when effector aCTL were
coincubated with glioma cells for 4 hours at various effector to target (E:T) ratios.26 In some
experiments, blockade of the granule-exocytosis pathway was achieved by adding 10 mM
ethylene glycolbis(2-aminoethyl)N,N,N′,N′-tetra-acetic acid (EGTA, Calbiochem, LaJolla,
CA), a calcium chelator, to the assay medium.27 The percentage of specific release was
calculated by the formula: [(cpmexperimental − cpmspontaneous)/ (cpmmaximal − cpmspontaneous)]
× 100%. Spontaneous release was the counts per minute (cpm) of the targets in assay medium
alone and maximal release was produced by incubation of the targets with 2% Triton X-100
(Sigma). The data collected were analyzed by paired t test or the nonparametric Kruskal-Wallis
test.

Glioma cells (2.5 × 103) were plated into each of 6 wells in round bottom 96-well plates and
cultured for 2 days. Cells were treated in serum free RPMI 1640 medium for 1 hour at 37°C
in 5% CO2 with the nitrosourea, carmustine (Sigma) at different concentrations (0, 0.31, 0.63,
10, and 40 μg/mL) to obtain dose-response curves. Surviving cells were allowed to proliferate
after carmustine treatment for 3 days. MTT dye solution [5 mg/mL of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, Sigma) was diluted 10-fold in RPMI 1640 containing
10% FBS and added to wells of the plates for 4 hours at 37°C before reading absorbance at
562 nm. To obtain a relative measure of survival, the mean absorbances of the carmustine-
treated cells were expressed as percentages of the mean absorbance of untreated cells for each
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glioma cell type at the different drug concentrations. The data collected for each glioma were
statistically compared by the analysis of variance.

The radiosensitivity of the IR clones was determined by exposure of the cells to several doses
of γ-irradiation (range 5 to 20 Gy) as has been described before.28 Cells were plated 3 hours
after irradiation into 10 wells of 96-well plates and allowed to recover for 5 days. A relative
measure of cell survival was determined with the MTT assay as described above. Because
single unfractionated radiation doses at 15 Gy or less induced minimal IR clone cell death,
cells were treated with a single dose at 20 Gy. The data collected for each glioma were
statistically compared by the Kruskal-Wallis test.

Adhesion of aCTL to the Extracellular Matrix (ECM) Proteins Derived From Parental Glioma
Cells and IR Clonal Variants

Wells coated with glioma-derived ECM proteins were obtained with parental cells or IR clones
(2.5 × 103) plated to confluency in flat-bottom, 96-well plates.29 The cell monolayers were
washed once with PBS, treated with 0.5% Triton X-100 for 30 minutes, exposed to 0.1 M
NH4OH for 2 minutes, and rinsed 4 times with PBS. aCTL (5 × 104) were added to wells (n =
6) for each of the individual glioma cell types, and incubated on ice for 30 minutes. Next, the
plates were incubated for 30 minutes at 37°C, placed on a horizontal shaker at 210 rpm for 6
minutes, then rinsed with PBS. Adherent aCTL were fixed in 1% glutaraldehyde for 10 minutes
and stained with a 0.1% crystal violet solution. Adhesion of the aCTL to the glioma-derived
ECM was quantified by spectrophotometric absorbance of stained nuclei measured at 562 nm.
30 Data derived from the experiments were analyzed by the Kruskal-Wallis test.

Glioma:aCTL Conjugate Formation Assays
To determine the ability of the aCTL to form conjugates with parental glioma cells or IR clones,
glioma cells (5 × 104) were plated onto Lab-Tek 4-well glass chamber slides (Nalge Nunc
International, Naperville, IL) for 48 hours before the addition of aCTL (5 × 105). To distinguish
glioma cells from aCTL, glioma cells were labeled with 0.25 μM carboxyfluorescein diacetate
succinimidyl ester (CFSE) dye and aCTL were labeled with 0.2 μM CellTracker Orange dye
in PBS following manufacturer’s instructions (Molecular Probes, Eugene, OR). The cell
mixtures were incubated in a humidified 37°C, 5% CO2 chamber for 30 minutes. The medium
was removed and the chambers gently rinsed with PBS before the cells were fixed in 4%
paraformaldehyde for 15 minutes. Confocal micrographs were acquired with a 60 × /0.17
numerical aperture oil objective lens on a BX61 microscope (Olympus America, Inc, Melville,
NY). The percentages of glioma cells that were bound by aCTL were determined by
examination of 5 random 20 × fields for each glioma cell type incubated with aCTL. The
percentages of glioma cells bound by aCTL, irrespective of the total number of aCTL cells
binding a single glioma cell ± SEM were determined. Data derived from the experiments were
analyzed by the Kruskal-Wallis test.

Flow Cytometry
Adherent cell cultures at ~80% confluency were disaggregated with PBS containing 10 mM
ethylene diamine tetra-acetic acid. Cells (5 × 105) were pelleted at 200 × g for 5 minutes,
supernatants decanted and the cells were resuspended in 50 μL of PBS containing 1% FBS.
After washing, cells were then incubated on ice for 20 minutes with monoclonal antibodies
specific for HLA class I, HLA-G, ICAM-1, leukocyte function antigen-1 (LFA-1), and Fas
and FasL antigens. Purified primary antibodies were mouse antihuman ICAM-1 (RR1/1.1.1,
Dr Robert Rothlein), LFA-1 (R3.1.E2.G8.C8, Dr Rothlein), Fas (DX2, BD Pharmingen, San
Diego, CA), and FasL (NOK-1, BD Pharmingen). Unbound primary antibody was washed
away before a 20-minute incubation of the cells with R-phycoerythrin (RPE)-conjugated
secondary antimouse IgG (H+L) (eBioscience, San Diego, CA). Cells were also incubated with
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RPE-conjugated mouse antihuman class I HLA-ABC (W6/32, Dako, Carpinteria, CA) or
isotype-matched RPE-conjugated mouse IgG2a (Coulter, Hialeah, FL) antibodies. After
staining cells with fluorochrome-conjugated antibodies, cells were washed with PBS
containing 1% FBS and pelleted at 200 × g for 5 minutes. The stained cells were then fixed
with 1% paraformaldehyde (Sigma) in PBS and kept refrigerated until analysis on EPICS XL-
MCL (Coulter) or FacScan (BD Pharmingen) flow cytometers. For detection of HLA-G, tumor
cells were fixed and permeabilized (Cytofix Cytoperm, BD Pharmingen) before incubating
with purified mouse antihuman HLA-G antibody (4H84, BD Pharmingen) and a secondary
RPE-conjugated antibody. From the flow cytometric analysis, we determined the percentage
of positive cells and the mean fluorescence intensity (MFI).

Detection of Tumor Cell Injury Using 7-Amino Actinomycin D (7AAD)
Tumor cell injury was detected by 7AAD incorporation as described with minor modification.
26 Glioma cells were seeded into 6-well plates and cultured for 48 hours before labeling for 1
hour with 0.25 μM CFSE in PBS. Adherent glioma cells were then coincubated with FasL-
expressing G10 cells at a 1:5 ratio for 18 hours at 5% CO2 in a 37°C humidified chamber. For
a positive control, nonadherent Fas-expressing Jurkat T cells were labeled with CFSE before
their coincubation with effector G10 cells in polystyrene tubes (12 × 75 mm, BD Biosciences,
Franklin Lakes, NJ). After coincubation, the cells in suspension were collected and combined
with adherent cells that were harvested by treatment with 0.1% trypsin. After centrifugation at
200 × g for 5 minute, cells were incubated in 100 μL of 7AAD (20 μg/mL, Sigma) in PBS for
20 minutes at 4°C. The percentages of CFSE-labeled glioma cells within the segregated live,
apoptotic, and late apoptotic/necrotic populations on scattergrams were determined as
previously described.26

Detection of Secreted Cytokines
To determine the rates of transforming growth factor (TGF)-β1 and TGF-β2 secretion by the
glioma cells, single cell suspensions (105 cells/mL) were added to 60 mm dishes and cultured
for 48 to 72 hours. Cell culture medium was collected, clarified by centrifugation at 400 × g
for 10 minutes, and stored in microcentrifuge tubes at − 80°C until analysis. The total cell
number in each dish at the end of the incubation period was determined by hemocytometer
counts after collecting the adherent cells with 0.25% trypsin, pelleting by centrifugation at 200
× g for 10 minutes, and resuspending in RPMI 1640 culture medium. The amount of activated
TGF-β1 and TGF-β2 secreted into the medium was determined using sandwich enzyme-linked
immunosorbent assay (ELISA) kits according to manufacturer’s instructions (R&D Systems,
Inc, Minneapolis, MN). To determine the total amount of TGF-β1 and TGF-β2 (activated and
latent forms) secreted, samples were treated with 1 N HCL for 10 minutes at room temperature.
The pH was neutralized by the addition of an equal volume of 1.2 N NaOH containing 0.5 M
N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid. Rates of secretion from 3 independent
experiments were normalized and expressed as pg TGF-β/106 cells/24 h ± SEM. Data obtained
were statistically analyzed by the nonparametric Kruskal-Wallis test.

Detection of a panel of TH1 and TH2 cytokines that included IL-1α, -1β, -2, -4, -5, -6, -8, -10,
-13, IFN-γ, TNF-α, and TNF-β was achieved using the Q-plex Human Cytokine Array Screen
(Biolegend, Inc, San Diego, CA). The concentrations of cytokines in supernates obtained from
aCTL, glioma cells, and coincubates of aCTL with glioma cells were determined against a 5
point standard curve using the Q-view software program according to manufacturer’s
instructions. To determine the cell type contributing to the release of the cytokines, either the
aCTL or the glioma cells were pretreated with Brefeldin A (BrfA, BD Pharmingen) before
their coincubation. BrfA was added at a concentration of 10 μL BrfA/mL of culture medium.
31 After 2 hours, BrfA treated cells were washed once before coincubation and collection of
the supernatants as described earlier. The results obtained for IL-6 and IL-8 with the Q-plex
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array were individually verified in 2 independent experiments using sandwich ELISA kits
(Biolegend).

RESULTS
IR Phenotype of the IR Clones is Restored Upon Application of Selective Pressure

The 13-06-IR29 and 13-06-IR30 IR clones maintained their resistance to aCTL lysis in the
absence of immunoselective pressure for 40 and 13 cell doublings, respectively, before
displaying a partial regain in sensitivity to aCTL lysis as described.19 aCTL selective pressure
was reapplied intermittently to IR cell cultures displaying the restored sensitivity. The
immunoresistance was reassessed by cytotoxicity assays after the clones had undergone about
13 to 15 cell doublings (35 d after starting selective pressure). The susceptibility of the IR
clones to aCTL lysis was significantly reduced (P ≤ 0.05) once again compared with lysis of
the 13-06-MG parental cells at multiple E:T cell ratios (Fig. 1). The lysis of the IR clones was
fairly equivalent to that of partially relevant DBTRG-05 MG glioma cell targets that displayed
only 2 class I HLA alleles in common with 13-06-MG cells. Lysis of the IR clones and
DBTRG-05 MG targets was minimal and statistically distinct from the parental 13-06-MG
target cells (P ≤ 0.05). The data demonstrate that the IR phenotype is restored upon application
of intermittent selective pressure.

IR Clones Display Cross-resistance to Non-HLA–restricted Allogeneic LAK and TALL-104
Effector Cells and to γ-irradiation, but not to Carmustine

After cancer cells receive selective pressure in vitro or in vivo, the phenomenon of cross-
resistance of the cells to other cytotoxic therapies/agents has been observed.32 We
hypothesized that the IR clones that had received in vitro selective pressure, might exhibit
cross-resistance to other applied cytotoxic selective pressures, compared with the parental cells
that had not received in vitro selective pressure; the parental cells also had come from a patient
at initial diagnosis such that no in vivo selective pressure had been applied to them. We tested
the parental cells and the IR clones for cross-resistance to other non-HLA–restricted allogeneic
effector cells, to γ-irradiation, and to the chemotherapeutic agent carmustine (Fig. 2).

The lysis of the parental glioma cells and IR clones caused by non-HLA–restricted LAK and
TALL-104 cell preparations were compared with that of the 13-06 HLA–restricted aCTL
preparation. The aCTL were generated from the same blood donor as the LAK cells and were
at 14 culture days from the initial sensitization in a 1-way mixed lymphocyte reaction. The
TALL-104 cells were used immediately after washing, taken from a cryopreserved state. Lytic
data from a representative 4 hour cytotoxicity assay are shown for each of the effector cell
types at a 12.5:1 E:T ratio (Fig. 2A). The IR clones demonstrated a greater degree of resistance
to LAK and TALL-104 cell lysis compared with the parental cells. Analysis of data from
multiple experiments revealed that LAK cell lysis of both IR clones was significantly reduced
(P ≤ 0.04) compared with lysis of the parental cells. The data shown for lethally irradiated
TALL-104 cells are from one of 2 independent experiments. In both experiments, the IR clones
similarly demonstrated significantly reduced lysis caused by the TALL-104 cells.
Cumulatively, the data show that the aCTL-resistant variants display cross-resistance to non-
HLA–restricted allogeneic cell effectors.

The susceptibility of the IR clones to carmustine, a chemotherapeutic agent commonly used
to treat gliomas,33 and to γ-irradiation was also determined. At the multiple carmustine doses
tested, significant differences in cell survival 3 days after carmustine treatment were not
observed in the IR clones relative to the parental cells (Fig. 2B). The data additionally show
that the glioma cells and clonal variants need exposure at fairly high concentrations (≥ 10 μg/
mL) to be susceptible to the cytotoxic action by the chemotherapeutic agent. In contrast,
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substantially higher fractions of the IR clones survived γ-irradiation treatment and therefore
are more resistant to the single 20 Gy dose of γ-irradiation (P ≤ 0.02) (Fig. 2C). The data
indicate that the IR clones are less sensitive to γ-irradiation but do not display cross-resistance
to carmustine.

aCTL Adhesion to IR Clone-derived ECM is not Impaired Relative to the Parental Glioma-
derived ECM

ECM proteins are produced by glioma cells, albeit the specific types and ratios may vary from
one to another.29,30 It was possible that ECM components and secretion by the IR clones was
altered to inhibit the effector aCTL from adhering to them.12,34,35 To test this idea, we
performed assays to detect differences in aCTL adherence to the ECM proteins derived from
the parental cells and IR clones. No impairment of aCTL adhesion to the IR clones ECM was
detected; aCTL sensitized to the HLA antigens of glioma patient 13-06 bound equally well to
ECM protein extracts from the IR clones and parental cells (Fig. 3A).

Conjugate Formation Between aCTL and the Parental Glioma Cells and IR Clones is Similar
Tumors can avoid immune recognition by modulating their expression of adhesion molecules
required for establishing cell to cell contacts with effector cells.13 Because adhesion and
conjugate formation must precede lysis, we determined the ability of aCTL to establish whole
cell to cell contacts with the IR clonal variants. Confocal microscopic imaging was used to
assess cell conjugate formation upon coincubation of CFSE-labeled glioma cells with
CellTracker Orange-labeled aCTL. It was readily apparent shortly after adding the aCTL to
the glioma cultures, that multiple aCTL formed conjugates with a single glioma cell (Fig. 3B).
Examination of multiple microscopic fields showed that high percentages (≥ 60%) of the plated
parental glioma cells and IR clones formed conjugates with aCTL. Quantitative differences in
the adhesion of aCTL to the parental glioma cells versus the IR clones were not observed (Fig.
3C), even though morphologic signs of glioma cell injury (Fig. 3B) were apparent more so in
coincubates of aCTL with parental cells compared with those with the IR variants.

HLA Class I, ICAM-1, Fas and Fas-L Expression by the Parental Cells and IR Glioma Clones
The parental and IR cells were characterized for their expression of cell surface proteins, HLA-
ABC, ICAM-1, and Fas, known to be required for efficient CTL recognition, adhesion, and
destruction of tumor cells.25,36 In addition, the gliomas were characterized for Fas-L and
HLA-G expression. The Fas-L and HLA-G molecules induce T cell apoptosis and inhibit
allospecific T cell killing of gliomas, respectively.15,37,38

After confirming that the majority of cells within the anti-13-06 aCTL preparations (80% to
85%) used in these experiments expressed T cell receptor (TCR) α/β and LFA-1 (data not
shown), we analyzed the cell surface expressions of HLA-ABC and ICAM-1 on the parental
cells and IR clones by flow cytometry (Fig. 4) to determine whether down-regulation of either
class I HLA or ICAM-1 molecules on the IR clone surfaces had occurred. Down-regulation of
one or both of these molecules might be expected if the IR clones used this tactic to evade
recognition by the aCTL. Nearly all of the parental cells and clonal variants were highly positive
for HLA-ABC class I antigens in 3 independent experiments (92% to 99% positive, all at high
relative antigen densities with MFIs of 21 to 34). Although ICAM-1 was expressed on higher
percentages of the IR clones (45% and 62% for 13-06-IR29 and 13-06-IR30, respectively)
compared with parental cells (34% positive), the antigen density levels were low to moderate
(MFIs at 4 to 12) on all when examined on 2 separate occasions. The down-regulated expression
of these 2 molecules known to participate in E:T cell recognition was not observed on the IR
clones. We conclude that the IR clones did not use down-regulations of HLA-ABC or ICAM-1
as mechanisms of resistance.
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Because we also showed that apoptosis induction was inhibited in the IR clones when incubated
with aCTL compared with the parental cells,20 we explored the possibility that the Fas pathway
was disrupted in the IR clones. In 2 independent experiments, we found that the percentages
of positive cells and levels of Fas molecule cell surface expression were lower on the IR clones
(13-06-IR29 6.2%, MFI = 1.6 and 13-06-IR30 28%, MFI = 3) compared with the parental cells
(13-06-MG 47%, MFI = 4.5) (Fig. 4), suggesting down-regulation of Fas as a probable
mechanism of aCTL evasion.

Although multiple aCTL cell populations maintained in culture for 14 to 21 days variably
expressed Fas (22% to 82% Fas positive cells), FasL was not expressed by the IR clones or
the parental cells (Fig. 4). Thus, it is unlikely that the IR clones escape lysis by inducing
apoptosis of the aCTL effectors. In support of this conclusion, incorporation of the cell viability
dye, 7AAD, was not observed in the CFSE-negative gated aCTL population coincubated for
4 hours with the CFSE-labeled IR clones (data not shown).

For the detection of HLA-G, an antibody was used that would detect all HLA-G isoforms. We
found that only low to moderate levels of HLA-G were expressed by the parental glioma and
IR variants, albeit in the experiment we present (Fig. 4), we observed it on a higher percentage
of the parental cells (65% positive, MFI = 12) compared with the clones (13-06-IR29 11%,
MFI = 4 and 13-06-IR30 34%, MFI = 12). Data obtained from 3 independent experiments
analyzed by the Kruskal-Wallis test, however, demonstrated that HLA-G expression by the
parental cells and IR clones was not statistically significant (P ≤ 0.84). Thus, the prediction
that up-regulated HLA-G expression would be associated with the IR phenotype did not hold.

IR Clones Exhibit Decreased Susceptibility to FasL-induced Apoptosis
To determine if the reduced expression of Fas on the IR clones also correlated with a reduced
susceptibility to FasL-induced apoptosis, we performed 2 independent 7AAD flow cytometric
cell injury assays. Small percentages of aCTL (1% to 4%) expressed Fas-L 14 to 28 days after
activation (data not shown), as a consequence, G-10 cells (K562 cells transfected with human
Fas-L gene)24 served as the effector cells in the experiments. The G10 cells were coincubated
with Fas-expressing Jurkat T cells for 18 hours in each experiment. G10 cells were also
coincubated with parental 13-06-MG glioma cells, and IR 13-06-IR29 and 13-06-IR30 clones.
Representative data from one experiment are shown (Fig. 5). Jurkat T cells were highly viable
(96%) when incubated alone (Fig. 5A), but underwent extensive injury (86% cell injury) when
coincubated with G10 cells (Fig. 5B). The parental 13-06-MG glioma cell injury increased
20% upon their coculture with G10 cells (Figs. 5C, D). In contrast, IR clone 13-06-IR29
demonstrated a minimal increase in cell death (Figs. 5E, F) and clone 13-06-IR30 was
completely insensitive to Fas/FasL-induced cell death (Figs. 5G, H). Thus, only a fifth of the
cells within the parental glioma population are susceptible to apoptosis by the Fas/FasL
pathway even though half of the population displays Fas, whereas, few to none of the IR clones
undergo apoptosis by this pathway.

Lysis of Parental Cells and IR Clones is Largely Calcium Dependent
Interactions of glioma cell HLA-ABC with the TCR on T cells trigger T cell exocytosis of
granzyme and perforin molecules. The exocytosis of perforin and granzyme molecules is
calcium dependent, in contrast to the calcium-independent Fas/FasL pathway.27 We explored
whether the addition of the calcium chelator, EGTA, to the cytotoxicity assay medium would
inhibit aCTL-mediated lysis of the parental cells and IR clones. Experiments with EGTA added
to the cytotoxicity assay medium established that the majority (80% to 90%) of lysis to the
parental cells or to the IR clones caused by the aCTL occurred by a calcium-dependent
mechanism(s) (Fig. 6).
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Cytokines are Secreted by aCTL When Cocultured With Glioma Cells
We previously demonstrated that among a panel of cytokines analyzed, IL-6 and IL-8 were
secreted by aCTL, parental glioma cells, and the immunoselected polyclonal glioma cell pools
and that the 2 cytokines were up-regulated upon coincubation of the glioma cells with aCTL.
19 Therefore, we analyzed a more extensive panel of cytokines (IL-1α, -1β, -2, -4, -5, -10, -13,
IFN-γ, TNF-α, and TNF-β) and also included IL-6 and IL-8, in supernatants obtained
individually from the aCTL, the parental cells, the IR clones, and their coincubates with the
effector aCTL.

The glioma cells alone secreted minimal amounts of IL-1α, -1β, -2, -4, -5, -13, IFN-γ, TNF-
α, and TNF-β (Table 1 and data not shown). Similarly, the aCTL produced minimal levels of
all cytokines with the exception of IL-8. The IL-6, IL-8, and IL-10 cytokines were produced
by the parental and IR variant cells. The secretions of IL-6 and IL-8 in cocultures of aCTL with
the parental cells and IR clones were up-regulated and consistent with our previous findings,
19 as was IL-10 secretion (Table 1).

To determine which cell type, the effector or target, contributed to the up-regulated release of
cytokines upon coincubation, either the aCTL or the glioma cells were pretreated with BrfA,
a secretion inhibitor, for 2 hours before the coincubation. When BrfA pretreatment of aCTL
was used to indicate cytokine release by the gliomas during coincubation, surprisingly
significant decreases in the cytokines released were detected (Table 1). When BrfA
pretreatment of the gliomas was used to indicate cytokine release by the aCTL during
coincubation, the secretions of IL-6, -8, -10, -13 and IFN-γ were usually enhanced, suggesting
that the gliomas produce a factor to inhibit aCTL secretion of these cytokines. Thus, the aCTL
were largely responsible for the production of the cytokines during coincubation with the
relevant target cells.

IR Clones Display an Increased Rate of Biologically Active TGF-β Secretion
Our cytokine analyses suggested that a factor produced by the gliomas inhibited aCTL secretion
of proinflammatory cytokines. Given the known ability of TGF-β to inhibit expression of
proinflammatory cytokines upon priming and restimulation of T lymphocytes with antigen,
39 we analyzed cell culture supernatants obtained from parental cells and IR clones by ELISA
to determine the rates of secretion (pg/106 cells/24 h) of the TGF-β1 and TGF-β2 isoforms by
the cells. The antibodies used in the ELISA assays bind to the activated forms of TGF-β1 and
TGF-β2 but not to their latent forms. To determine the total amounts of TGF-β secreted, latent
TGF-β present in the conditioned medium was activated by treatment with 1 M HCL and then
analyzed by ELISA.

Both clones exhibited a statistically significant (P ≤ 0.02) increase in the rate of active TGF-
β1 and total TGF-β1 secretion compared with the parental cells (Fig. 7A). Although not
statistically significant, the data showed greater levels of activated and total TGF-β2 secretion
by the IR clones (Fig. 7B). The cumulative amount of active TGF-β (TGF-β1+TGF-β2)
secreted by the IR clones was statistically greater than the secretion observed by the parental
cells (P ≤ 0.02). The data demonstrate that the IR phenotype is associated with an increased
rate of bioactive TGF-β production.

DISCUSSION
In this study, we demonstrated that intermittent in vitro immunoselective pressure applied to
2 aCTL resistant glioma cell clones, after they displayed a partial loss of the resistance, restored
the IR phenotype, indicating that the resistance is inducible. We observed that the IR variants
also displayed cross-resistance to non-HLA–restricted allogeneic LAK and TALL-104 cells
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and to γ-irradiation. Observations of cross-resistant cancer cells suggest an impingement on
common cellular and molecular apoptotic targets by various cytotoxic agents.32,40 This
phenomenon likely occurs through the activation of a compensatory apoptotic pathway(s).41

One interaction required for efficient aCTL lysis of glioma cells is aCTL adhesion to glioma
cell surfaces. Glioma-derived ECM protein production has been shown to interfere with this
process.12,34 Glioma cells producing thick glycosaminoglycan coats, composed
predominately of hyaluronic acid, are protected from allogeneic CTL responses.42
Furthermore, ECM produced by the tumor stroma may contribute to tumor-mediated
immunosuppression.43 Therefore, our findings where binding of aCTL to the ECM of parental
glioma cells and the IR clones were similar, and that conjugate formation between aCTL with
parental cells and IR clones were not different indicated that protective ECM coats did not
mechanistically provide immunoresistance for the clones.

We found that ICAM-1 and HLA class I expressions were equivalently high in the IR clones
as they were in the parental cells. Thus, down-modulation of ICAM-1 and/or HLA-ABC by
the IR clones that would interfere with LFA-1/ICAM-1 and TCR/HLA effector cell to target
cell recognition25,36 were also not suspect in providing immune resistance for the clones,
although HLA class I down-regulation or loss does not always result in immunoresistance.
44-46 Of course, even providing demonstration of allelic dropout47,48 in the IR clones would
be insufficient evidence alone that this is a mechanism of resistance, as exceptions to CTL
susceptibility were observed when this occurred. For instance, chondrosarcoma cells with
allelic loss were susceptible to autologous CTL lysis, indicating that the tumor cells were
sufficiently able to present antigenic peptides with the remaining HLA allele.49

Nonclassic HLA-G molecules displayed by glioma cells have been implicated in
immunotolerant functions50 and inhibition of allospecific CTL killing of glioma cells.37,38
However, HLA-G up-regulation in the IR clones was not exhibited, as one might predict if the
glioma cells used it to avoid immune recognition and destruction.38,51

Interestingly, tumor cells adapted to cell death induced by the Fas/FasL pathway by their
expression of FasL, which rendered them capable of inducing apoptosis of Fas-expressing
tumor infiltrating T lymphocytes.15 However, the IR variants did not express membrane bound
FasL, indicating they do not employ the ‘‘counterattack’’ strategy for immune cell resistance.
We did observe a decreased expression of Fas by the IR clones, implicating the down-regulation
of Fas as a probable mechanism of aCTL-resistance. When incubated with FasL positive G10
effector cells minimal apoptosis was detected in the IR clones relative to the parental cells.
However, few aCTL expressed membrane-bound FasL, suggesting that aCTL lysis of the
glioma variants did not involve the Fas apoptosis pathway. Inclusion of EGTA in our
cytotoxicity assays to inhibit the calcium-dependent lysis established that the majority of the
parental cells and IR clones were lysed by the aCTL through calcium-dependent exocytosis of
perforin and granzyme molecules. The cells that remained within the cell cultures (10% to
20%) likely were the ones susceptible to killing by the Fas/FasL pathway. It is also plausible
that secretion of IFN upon prolonged aCTL/glioma cell exposure may lead to up-regulated Fas
and FasL on glioma cells and aCTL, respectively.52

Gliomas and immune cells are capable of secreting IL-6 and IL-8 cytokines.19,53-58 Gliomas
might have secreted these cytokines in response to coincubation with aCTL, because they are
known to stimulate glioma cell proliferation and survival.59 However, experiments with the
secretion inhibitor, BrfA, indicated that aCTL produced the up-regulated cytokines during the
coincubations. The aCTL may have produced these 2 pleiotropic cytokines to counter-act the
immunosuppressive activity of soluble glioma-derived factors such as TGF-β. In coincubates
containing aCTL and BrfA-treated glioma cells, significant increases in IL-6 and IL-8 were
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noted, suggesting that the gliomas produced a soluble factor that inhibited the ability of aCTL
to secrete proinflammatory cytokines. In vivo IL-6 and IL-8 are known to recruit inflammatory
cells that may participate in suppressing tumor growth.60 Supporting this idea, T9 glioma cells
engineered to secrete IL-6 were rejected by a neutrophil-dependent mechanism when implanted
into syngeneic Fischer rats.61 We also observed up-regulations of IFN-γ, IL-10, and IL-13 by
the aCTL upon coincubation with the glioma cells. Nonrobust levels of IFN-γ were secreted
by the aCTL when cocultured with glioma target cells. Flow cytometric analysis of a small
CD3+/ CD8+/CD69+ subset within aCTL preparations were found to express IFN-γ at high
levels that were greatly increased upon coincubation with parental 13-06-MG cells.62 The
IL-10 and IL-13 cytokines may mediate proinflammatory or anti-inflammatory responses. For
example, melanoma vaccines employing gene-modified gliomas producing IL-13 combined
with tumor-lysate stimulated dendritic cells resulted in clinical responses,63 whereas IL-10
inhibited brain tumor growth in vivo.64

There are 3 closely related mammalian TGF-β isoforms (TGF-β1, 2, and 3), all of which seem
to have the similar effects on immune cells in vitro.65 TGF-β2 was reported as the major
isoform expressed by glioblastomas,66 although more recent studies indicate that TGF-β1
expression is predominately restricted to glioblastomas.67,68 Unlike gliomas, normal glial
cells secrete TGF-β1 and TGF-β2 in a latent form that must be proteolytically cleaved to have
biologic activity.67,68 TGF-β inhibits T cell activation, proliferation, perforin mRNA
synthesis, and the maturation and function of professional antigen presenting cells.69-72 As
well, TGF-β inhibits activated T cell effector functions.73,74 In vitro silencing of TGF-β
expression promoted glioma cell recognition and lysis by CD8+ T and natural killer cells.75
Data from a number of studies suggest that immune therapy for gliomas might be potentiated
by inhibition of TGF-β.6,76,77 ELISA analyses of supernatants from parental gliomas and IR
cultures demonstrated that the gliomas secreted abundant amounts of activated TGF-β1 and
TGF-β2. This finding was not surprising because chromosomes 19 and 1 that encode for TGF-
β178 and TGF-β2,79 respectively, were amplified to a similar degree in parental and IR cell
metaphase spreads.19 The production of activated TGF-β was significantly higher in the IR
clones, linking high TGF-β secretion by glioma cells to their resistance to CTL lysis. To our
knowledge, this is the first report linking increased synthesis of biologically active TGF-β with
glioma cell resistance to aCTL lysis. The introduction of antisense TGF-β vectors6 or the TGF-
β antagonist decorin gene80 into the IR variants may facilitate a determination of the role of
TGF-β in the IR phenotype. Future studies can address whether disrupting glioma secretion of
TGF-β or TGF-β-mediated T cell signaling events can overcome the resistance or improve
upon the current aCTL therapy.
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FIGURE 1.
Reapplication of immunoselective pressure restores the IR phenotype to IR cultures displaying
a partial reversion to aCTL resistance. The 13-06-IR29 and 13-06-IR30 clones previously
cultured in the absence of immunoselective pressure for 40 and 13 cell doublings, respectively,
were thawed and given intermittent aCTL selective pressure for 35 days. After removal of the
selective pressure, the susceptibility of the IR clones and parental cells to aCTL lysis was
determined at 3 E:T ratios in cytotoxicity assays. Lysis of a partially relevant glioma target,
DBTRG-05 MG that displayed only 2 class I HLA alleles in common with 13-06-MG cells
was also tested. Asterisks indicate a statistically significant (P ≤ 0.05) decrease in aCTL lysis
compared with the parental glioma cells as determined by Student’s paired t test.
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FIGURE 2.
Assessments for cross-resistance of the IR clones to non-HLA–restricted, allogeneic LAK and
TALL-104 cells, to carmustine, and to γ-irradiation treatments. A, The percentage lysis ± SEM
obtained for parental 13-06-MG glioma cells and IR clones to aCTL, to LAK cells (generated
from the peripheral blood mononuclear cells of the aCTL blood donor), and to lethally
irradiated TALL-104 cell effectors, all at a 12.5:1 E:T ratio. B, Sensitivity of the parental and
variant glioma cells to carmustine at 5 drug concentrations, shown as percentages of viability
± SEM relative to untreated control cells at 100%. C, Sensitivity of the parental and variant
glioma cells treated with an unfractionated dose of γ-irradiation (20 Gy). The percentages of
viability ± SEM of the radiation treated cells (□) for each glioma and for nontreated control
cells (■) ± SEM are given.
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FIGURE 3.
aCTL adhesion to glioma-derived ECM proteins and conjugate formation between aCTL and
glioma cells. A, The adhesion of aCTL to IR clone-derived ECM proteins are expressed as a
percentage ± SEM of the aCTL adhered to parental ECM proteins, as derived from absorbance
measurements. B, Confocal micrograph demonstrates conjugates of adherent CFSE-labeled
13-06-IR29 glioma cells with CellTracker Orange-labeled aCTL. Multiple smaller sized aCTL
(arrows) are associated with the larger individual 13-06-IR29 cells. Damage to the glioma cells
is readily visualized by the membrane blebbing (arrowheads). Bar = 20 μm. C, Percentages of
parental glioma cells and IR clones bound to aCTL ± SEM, as determined by confocal
microscopic examination of 5 random 20 × fields for each glioma cell type incubated with
aCTL for 30 minutes.
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FIGURE 4.
Expression of classic HLA-ABC class I antigen, nonclassic HLA-G, ICAM-1, and Fas and
FasL by parental 13-06-MG glioma cells and 13-06-IR29 and 13-06-IR30 IR clones by flow
cytometric analyses. The histograms show the nonspecific binding of isotype and secondary
antibodies (filled peaks) and the degree of specific staining (unfilled peaks). The percentages
of positive cells are indicated and the relative antigen densities can be ascertained by placement
and height of the peak on the abscissa.
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FIGURE 5.
Flow cytometric scattergrams are shown for CFSE-labeled tumor cells that were (bottom row)
or were not (top row) coincubated with FasL positive G10 cells for 18 hours at a 5:1 E:T ratio.
The percentages of cells that were live, apoptotic, or dead (late apoptotic/necrotic) are given.
A, Fas positive Jurkat cells, (B) Jurkat+G10 cells, (C) 13-06-MG cells, (D) 13-06-MG+G10
cells, (E) 13-06-IR29 cells, (F) 13-06-IR29+G10 cells, (G) 13-06-IR30 cells, and (H) 13-06-
IR30+G10 cells.
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FIGURE 6.
Parental glioma cells and IR clones are sensitive to calcium-dependent lysis by aCTL. Parental
13-06-MG cells and IR clones, 13-06-IR29 and 13-06-IR30, were coincubated with anti-13-06
aCTL at a 12.5:1 E:T ratio for 4 hours. In some wells the calcium-chelator, EGTA, was added
to inhibit perforin and granzyme-mediated cell lysis. The percentages of glioma cells lysed ±
SEM, obtained in the presence or absence of EGTA, are shown.
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FIGURE 7.
Detection of TGF-β isoforms secreted by monolayers of the parental glioma cells or IR clones.
The rates of total (latent plus active forms) and active forms of (A) TGF-β1 and (B) TGF-β2
secretions were determined by ELISA. Rates of TGF-β secretion are expressed as pg TGF-β/
106 cells/24 h ± SEM. Asterisks indicate statistically significant production (P ≤ 0.02) relative
to the parental glioma cells by the nonparametric Kruskal-Wallis test.
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TABLE 1
aCTL Up-regulate Secretion of Cytokines When Coincubated With Glioma Cells

Cells Cells Treated w/
BrfA*

IFN-
γ (pg/
mL)

IL-6 (pg/
mL)

IL-8 (pg/
mL)

IL-10 (pg/
mL)

IL-13 (pg/
mL)

aCTL None 10 7 678 29 5
13-06-MG None 25 86 11474 415 36
13-06-MG
+aCTL

None 48 1187 17166 853 86

13-06-MG
+aCTL

aCTL bld† 6 462 15 1.6

13-06-MG
+aCTL

Glioma 124 4924 17169 812 257

13-06-IR29 None 9 416 2464 123 20
13-06-IR29
+aCTL

None 38 1195 6911 277 29

13-06-IR29
+aCTL

aCTL bld 33 299 6 bld

13-06-IR29
+aCTL

Glioma 100 4711 17169 820 268

13-06-IR30 None 4 247 1211 56 6
13-06-IR30
+aCTL

None 22 1795 6841 293 36

13-06-IR30
+aCTL

aCTL 1.7 16 195 6 bld

13-06-IR30
+aCTL

Glioma 131 4665 17171 849 209

*
To determine the contribution of each cell type to the release of IFN-γ, IL-6, IL-8, IL-10, and IL-13 either aCTL or glioma cells were treated with BrfA

for 2 h before their coincubation at a 10:1 E:T ratio for 18 h. Clarified supernatants obtained from the cocultures were subjected to Q-plex/Q-View analysis
to determine the quantities of cytokines secreted.

†
bld, below limit of detection by Q-plex/Q-View analysis.
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