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Abstract

Purpose—Allogeneic glioma cell lines that are partially matched to the patient at class | human
leukocyte antigen (HLA) loci and that display tumor-associated antigens (TAA) or antigenic
precursors [tumor antigen precursor proteins (TAPP)] could be used for generating whole tumor
cell vaccines or, alternatively, for extraction of TAA peptides to make autologous dendritic cell
vaccines.

Experimental Design—Twenty human glioma cell lines were characterized by molecular
phenotyping and by flow cytometry for HLA class | antigen expression. Twelve of the 20 cell
lines, as well as analyses of freshly resected glioma tissues, were further characterized for protein
and/or mRNA expression of 16 tumor antigen precursor proteins or TAA.

Results—These 20 human glioma cell lines potentially cover 77%, 85%, and 78% of the U.S.
Caucasian population at HLA-A, HLA-B, and HLA-C alleles, respectively. All cells exhibited
multiple TAA expressions. Most glioma cells expressed antigen isolated from immunoselected
melanoma-2 (Aim-2), B-cyclin, EphA2, GP100, p1,6-N-acetylglucosaminyltransferase V (GnT-
V), IL13Ra2, Her2/neu, hTert, Mage, Mart-1, Sart-1, and survivin. Real-time PCR technology
showed that glioblastoma specimens expressed most of the TAA as well. Tumor-infiltrating
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lymphocytes and CD8* CTL killedT2 cells when loaded with specific HLA-A2* restricted TAA,
or gliomas that were both HLA-A2" and also positive for specific TAA (Mart-1, GP100, Her2/
neu, and tyrosinase) but not those cells negative for HLA-A2 and/or lacking the specific epitope.

Conclusions—These data provide proof-in-principle for the use of allogeneic, partially HLA
patient — matched glioma cells for vaccine generation or for peptide pulsing with allogeneic
glioma cell extracts of autologous patient dendritic cells to induce endogenous CTL in brain tumor

patients.

Glioblastoma multiforme patients usually undergo debulking surgery followed by radiation
and aggressive rounds of chemotherapy. The recently revised standard of care radiotherapy
and chemotherapy for newly diagnosed glioblastoma multiforme patients has only improved
the survival from 12.1 to 14.6 months following diagnosis (1). Despite the majority of the
tumors being removed or killed, no lasting and effective antitumor immunity is generated
and the patients die from the tumor cells escaping or resisting those therapies. These failures
lead many to believe that an aggressive combination of standard therapies, along with other
biologically based therapies, is needed to successfully treat this cancer.

Some glioma patients were successfully treated by immunotherapy (2-7). Adjuvant
immunotherapy modalities may be particularly useful for treating gliomas located next to
critical brain control regions (brain stem or the thalamus) where surgery or radiation cannot
be used, provided inflammation can be controlled. The advantage of generating an immune
response toward the cancer cells is that the immunized T cells can now seek and destroy the
remaining tumor cells that resisted the therapies or were localized to sites that were
inaccessible to the traditional treatments.

Human glial tumors have been shown to express a wide variety of tumor-associated antigens
(TAA, refs. 8-10). Some glioma-specific antigens have been found, such as processed
fragments derived from the interleukin-13 receptor a2 (IL13Ra2, ref. 11). Many TAA
found within gliomas are also expressed on other cancers (10); i.e., melanomas: Mage-1
(12-16), Aim-2 (17, 18), tyrosinase (13), tyrosinase-related protein 1 (Trp-1; also known as
Trp-75; ref. 13), Trp-2 (13, 14, 19), Gage (14), human melanoma-associated antigen p97/
GP100 (melano-transferrin; refs. 12, 15, 16); breast and ovarian cancers: Her2/neu (15, 16);
multiple cancer types: B-cyclin (20), EphA2/Eck (21, 22), telomerase reverse transcriptase
(hTert; ref. 23), Sart-1 (24), survivin (25, 26), and GnT-V (27). All of these antigens have
elicited human immune responses, primarily in the form of CTL responses. Many of these
antigenic peptides are restricted to the HLA-A2 allele: B-cyclin, EphA2, Gage-1, GP100,
Her2/neu, hTert, IL13Ra2, Mage-1, Trp-1, tyrosinase, and survivin (10). Aim-2 is restricted
to the HLA-AL locus (17), Sart-1 is restricted to HLA-A24 and A26, whereas survivin and
hTert are also HLA-A24 restricted (10). Effective immunotherapy will require that the
patients’ neoplasm displays the tumor antigens properly associated with their restricted HLA
alleles. This will allow T-cell clonal expansion after their recognition. One therapeutic
scenario would involve obtaining the antigenic profile of the patient glioma. Another
possibility would involve HLA typing of the individual as that might be predictive of the
TAA on the patient’s glioma. With that knowledge, an allogeneic vaccine could be

Clin Cancer Res. Author manuscript; available in PMC 2014 May 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 3

customized so that the relevant antigens are contained within the vaccine to stimulate the
patient’s immune system.

Several possible vaccination approaches can be envisioned for treating glioblastoma
multiforme patients. In one method, the patients’ own tumor cells are isolated, inactivated,
and used either as a whole tumor vaccine or by genetically engineering them with
immunostimulatory molecules. For slow-growing cancers, this approach may be feasible,
but, for glioblastoma multiforme patients, it has largely failed because the patient relapses
before the autologous glioma cells can be established in tissue culture. A second method
uses whole tumor homogenates made from surgically resected tumor. The homogenates are
incubated with the patient’s dendritic cells. These peptide-pulsed dendritic cells act as
antigen-presenting cells and are then infused back into the patient to engender host T-cell
responses. Liau et al. (28) and Liu et al. (16) used this approach in phase | trials with 12 and
14 patients, respectively. In both trials, there was an increased T-cell infiltration into the
remaining tumor, an expansion of CD8* antigen—specific T-cell clones, and an increase in
IFN-y expression within the in vitro activated T cells. No evidence of induced
autoimmunity after these immunizations was observed. As a result of these antiglioma
immune responses, an improvement in survival time occurred. A third method uses well-
established glioma cell lines either as allogeneic genetically modified tumor vaccines or as a
source of minor tumor antigens for vaccination purposes. Within a month of tumor
debulking surgery and chemotherapy and radiation therapy, Mahaley et al. (2) used
irradiated unmodified U-251 glioma cells as a monthly vaccine to achieve longer survival
(>950 days) in six of nine patients. When they used D-54 glioma cells as the vaccine in
another set of patients, no increased survival resulted compared with their historical
controls. This work suggests that U-251 cells were intrinsically more immunogenic than
D-54 glioma cells.

In this report, we HLA phenotyped 20 human glioma cell lines. We further evaluated a
dozen from this panel to assess for their expression of 16 known TAA/tumor antigen
precursor proteins (TAPP), most of which we showed were also associated with primary
glioma specimens. HLA-A2*/TAA-restricted CTLs and tumor-infiltrating lymphocytes
(TIL) were able to lyse a number of HLA-A2* gliomas cells expressing EphA2, GP100,
Her2/neu, Mart-1, and tyrosinase, which was consistent with their antigenic profiles. These
data should allow neuro-oncologists and immunologists to customize generic allogeneic
whole tumor cell vaccine(s) for initial vaccination purposes, or allow for autologous
dendritic cell vaccines to be generated with TAA peptides derived from allogeneic glioma
cells, for glioblastoma multiforme patients.

Materials and Methods

Glioblastoma tumor material and glioma cell culture

Freshly resected surgical specimens collected at the University of Colorado Health Sciences
Center (Denver, CO) between 1986 and 1998 were snap frozen and kept at -70°C. By
histopathologic criteria, diagnoses consistent with glioblastoma multiforme were made on
all specimens chosen for TAA analysis.
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U-251 and SF767 were obtained from Dr. Dennis Deen (University of California, San
Francisco, CA). Human glioma cells, U-87, U-118, A172, T98G, SNB19, and LNZ308,
were obtained from either Dr. Thomas Chen (University of Southern California, Los
Angeles, CA) or William Welch (University of Pittsburgh, PA). Dr. Darell Bigner (Duke
University, Durham, NC) supplied us with the D-645, D-54, and U-373 glioma cells. LN18
and LN229 were purchased from the American Tissue Type Collection (Manassas, VA).
DBTRGO05-MG, 04-11-MG, 12-11-MG, and 13-06-MG were established in the Carol Kruse
laboratory. NR203MG, NR206MG, and NR213MG were established in the Habib Fakhrai
laboratory. The glioma cells were grown in DMEM (Sigma Chemical Co., St. Louis, MO)
supplemented with 5% to 10% fetal bovine serum (Gemini, Calabassas, CA; Life
Technologies, San Diego, CA; and Hyclone, Logan, UT).

Antibodies for neuroglial typing and HLA expression

Expressions of neurofilament 160 (for neural cells), glial fibrillary acidic protein (for
astrocytes/astroglial), vimentin (for astrocytes/astroglial cells, vascular endothelium and
mesenchyme), galactocerebroside (for oligodendrocytes/oligodendroglial), and fibronectin
(extracellular matrix marker also associated with for glial cells and fibroblasts) were
determined by immunofluorescence microscopy. Staining with monoclonal antibodies
(Neural Cell Typing Kit, Boehringer Mannheim Co., Indianapolis, IN) was as described
(29). Isotype-matched control antibodies were used to distinguish background staining.

The glioma cells were stained for either the specific HLA-A2 allele or for the HLA-ABC
framework using mouse monoclonal antibodies purchased from PharMingen BD
Biosciences (San Diego, CA).

Molecular HLA typing

The glioma cells were either submitted to the University of California, Irvine HLA
Histocompatibility Laboratory (Orange, CA) for low-resolution PCR HLA class | typing or
to Clinlmmune Laboratories (Aurora, CO) where HLA class | and 11 typing was determined
by molecular analyses using PCR sequence-specific primers and sequence-based typing. The
U-251 glioma was previously HLA typed (30). The HLA phenotype of the LN18 glioma
cells was provided by Dr. A.C. Diserens (Lucerne, Switzerland).

Intracellular flow cytometry

Exponentially growing glioma cells (10) were prepared with the reagents and protocols of
Santa Cruz Biotechnology (Santa Cruz, CA). The fixed cells were washed twice in ice-cold
PBS. The cells were permeabilized for 15 min on ice. The cells were washed twice. The
resuspended cells were then divided into 10° cell aliquots and then incubated with the
primary antibody for 1 h. The anti-IL13Ra2 monoclonal antibody was obtained from Cell
Sciences (Canton, MA). Anti-Eck/EphAz2, anti-B cyclin, anti-GP100, anti-Mage-1, anti—
Mart-1, anti-Trp-1/Trp-75, and anti—-Her2/neu monoclonal antibodies were from Lab Vision
(Fremont, CA). Anti-survivin and anti-GnT-V polyclonal antibodies were purchased from
Santa Cruz Biotechnology. The source of the monoclonal antibody directed against the hTert
was either Novus Biologicals (Littleton, CO) or Santa Cruz Biotechnology. The cells were
washed twice and the secondary antibody conjugated with FITC (Vector Labs, Burlingame,
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CA) was incubated on ice for another hour. After washing the cells twice, the cells were
analyzed with a Coulter XL flow cytometer. The staining profiles were scored and
normalized scores of 0 to 4, where 0 reflected no staining above background and 4 was the
most intense.

Immunofluorescence microscopy

U-251 cells were allowed to grow on sterile collagen-coated coverslips overnight. The
coverslips were dipped in a 2% formalin solution and then acetone treated for 2 min. The
antibodies (as described above) were diluted 1:100 in PBS. The tissue was incubated 2 h
with the primary antibody in a humidified chamber at 4°C. The slides were washed thrice in
PBS and the 1:100 diluted secondary FITC-labeled anti—primary antibody (Vector Labs,
Carpinteria, CA) was incubated at room temperature for 30 min. The slides were washed
thrice in PBS. The staining of the cells was visualized with a Nikon Eclipse E600
microscope equipped with epifluorescence. Photomicrographs were taken with an RT-KE
digital camera (Diagnostics Instruments, Inc., Sterling Heights, Ml).

Real-time PCR analysis

Total RNA was isolated from the cells using Trizol reagent (Sigma Chemical). Any possible
DNA contamination in the sample was eliminated by incubation with RNase-free DNase |
digestion (Boehringer Mannheim). cDNA was synthesized using iScript cDNA Synthesis
Kit (Bio-Rad Laboratories, Hercules, CA) containing 1 Ag of total RNA per sample. Real-
time PCR reactions were done on an iCycler iQ detection system (Bio-Rad Laboratories) in
conjunction with the SYBR Green kit (Stratagene, San Diego, CA). The thermal profile was
95°C for 15 min, followed by 40 cycles of 95°C for 15 s and 58°C for 30 s, finally holding
at 4°C. The following primers were synthesized by Operon Biotech (Germantown, MD):
Aim-2, forward 5'-GTGTATGCCCCACCAACC-3’, reverse 5’-
CCTGGTGACCTAGTCATTGG-3"; Gage-1, forward 5’-
CCACGGAAACCTTGAGTG-3', reverse 5'-CAGCCTGCAACATTTCAGC-3’; Sart-1,
forward 5"-GACAAGTACAGCCGGAGG-3, reverse 5'-
CCGTCTCATCCACGTATTCG-3"; Trp-2, forward 5'-
CCTGTCTCTCCAGAAGTTTG-3', reverse 5'-CAGAGTCCCATCTGCTTTATC-3'.

Samples were run in triplicate, and a reaction without cDNA was used to establish baseline
fluorescence levels with 18S RNA. The fluorescent signal was plotted versus cycle number,
and the threshold cycle (Ct) was determined at the cycle number where an increase above
background fluorescence could be reliably detected. Each PCR run also included
nontemplate controls containing all reagents except cDNA. After cycling, a melting curve
was produced by slow denaturation of the PCR end products to validate the specificity of
amplification. The relative quantification of expression of the gene was determined by
27ACT as described by Pfaffl (31). Very strong mMRNA expression occurred when the AACT
was between 10 and 14. Positive signals occurred when the ACy score was <14 to 24,
whereas negative signals were defined when the ACt score was >25.
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Induction and evaluation of CTL or TIL against glioma antigen peptides

Results

Glioma patient—derived peripheral blood mononuclear cells were stimulated in vitro with
peptide-pulsed autologous dendritic cells as previously described (11, 21). Briefly, to
generate dendritic cells, the plastic adherent cells from peripheral blood mononuclear cells
were cultured in AIM-V medium (Invitrogen/Life Technologies) supplemented with 1,000
units/mL rhGM-CSF and 500 units/mL recombinant human (rh) interleukin (IL)-4 (Cell
Sciences) at 37°C in a humidified, 5% CO, incubator. Six days later, the immature dendritic
cells were stimulated with recombinant human tumor necrosis factor-a, IL-6, and IL-1f (10
ng/mL each). Mature dendritic cells were harvested on day 8, resuspended in AIM-V
medium at 10° cells/mL with peptide (10 pg/mL), and incubated for 2 h at 37°C.
Populations of CD8* T cells, autologous to the dendritic cell donors, were enriched from
peripheral blood mononuclear cells using magnetic microbeads (Miltenyi Biotech, Auburn,
CA). CD8" T cells (2 x 10° per well) were cocultured with peptide-pulsed dendritic cells (2
x 10° per well) in 2 mL of AIM-V medium supplemented with 5% human AB serum
(Invitrogen, San Diego, CA), 10 units/mL rhlL-2 (R&D Systems, Minneapolis, MN), and 10
units/mL rhIL-7 (Cell Sciences) in each well of 24-well tissue culture plates. On day 15, to
increase CTL frequency, the lymphocytes were restimulated with autologous dendritic cells
pulsed with peptide in AIM-V medium supplemented with 5% human AB serum (Life
Technologies), rhlL-2, and rhlL-7 (10 units/mL each). The CD8* cultured cells were
analyzed for CTL activity 5 days after second stimulation in 4-h ®1Cr-release assays. The
peptides used for stimulation of peripheral blood mononuclear cells were as follows: Mart-1
(27-35: AAGIGILTV; ref. 32), GP100 (209-217[2M]: IMDQVPFSV; refs. 33, 34), EphA2
(883-891: TLADFDPRYV; ref. 21), influenza M1 (58-66: GILGFVFTL), and Her2/neu
(369-377: KIFGSLAFL,; ref. 10). Positive cytotoxic responses were defined as follows: the
specific lysis by the responder cells against antigen-positive target cells was at least 15%
and 2-fold higher than lytic levels displayed by corresponding control conditions in at least
two of the effector-to-target ratios.

Tumor-infiltrating lymphocyte lines, TIL 771 and TIL 1374, known to be HLA-A2
restricted to GP100 (154-162: KTWGQYWQV) and tyrosinase (369-377: YMDGTMSQV),
respectively, were used as effector cells to test the lysis of target cells with and without those
specific TAA (35). The TIL were maintained in RPMI 1640 supplemented with 10% human
AB serum (Omega Scientific, Tarzana, CA), 50 units/mL penicillin and 50 mg/mL
streptomycin, and 6,000 1U IL-2/mL (Chiron, Emeryville, CA). In addition, the T2 clone
(ATCC CRL1992), a hybrid B-T lymphoblastic cell line often used as a model system for
class I antigen presentation purposes, was loaded with or without the relevant glioma TAA
peptide as described (34) and used as target cells with the effector CTL generated as
described above.

Neuroglial cell marker profiling of the human glioma cell lines

Twenty established glioma cell lines were profiled for various markers representative of
central nervous system tumors by immunofluorescence staining. A summary of this work is
shown in Table 1 (column 2). The majority of the glioma cell lines (16 of 20) tested strongly
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for vimentin whereas only of a quarter of the cultured gliomas (5 of 20) expressed glial
fibrillary acidic protein. Variable expression of the neural cell marker, neurofilament 160
(neurofilament 160), was detected within 11 of the 20 gliomas. Fibronectin was detected in
7 of the 20 glioma cell lines. Expression of the oligodendrocyte marker, galactocerebroside,
was nil in all. The staining patterns of these gliomas are consistent with the histopathologic
diagnoses of glioma/astrocytoma that possess no oligodendroglial component.

HLA phenotype of and expression by the human glioma cell lines

The glioma cell lines were molecularly phenotyped for HLA antigen expression for class |
HLA-A, HLA-B, and HLA-C determinants (Table 1). Eight of the 20 were also typed for
class Il HLA-DR, HLA-DP, and HLA-DQ determinants. Twelve of the 20 gliomas were
HLA-A2+ and, additionally, 8 of the 12 were homozygous at that allele. Five of the 20 were
HLA-A1+, 3 were HLA-A3+, and 3 were HLA-A24+. Six glioma cell lines displayed other
less common HLA-alleles. By XZ analysis, these cells reflect the general frequencies of the
HLA-A, HLA-B, and HLA-C alleles present in the U.S. Caucasian population.

We verified that the panel of glioma cells expressed the HLA class | proteins by flow
cytometry. All of the cells within the glioma cell lines were positive for HLA-ABC. Twelve
of the glial tumor cell lines that were molecularly phenotyped as HLA-A2 positive also
proved positive for the HLA-A2 protein using a monoclonal antibody that specifically
recognized this allele (data not shown). A similar pattern of HLA expression also occurred
when we used the monoclonal antibody that detects the HLA-ABC framework. All the
glioma cells that were HLA-A2 negative by molecular phenotyping failed to stain with the
anti-HLA-A2 antibody. However, all of the HLA-A2 negative cells stained strongly with
the anti-HLA-ABC antibody. The generally abundant HLA expression on all the glioma cell
lines examined should allow for T-cell recognition to occur.

Immunofluorescence microscopy and intracellular flow cytometry show that common
TAPP are present within the glioma cell lines

A subset of the glioma panel (n = 17) was examined for expression of 12 TAPP: B1-cyclin,
EphA2, GnT-V, GP100, Her2/neu, hTert, IL13Ra.2, Mage-1, Mart-1, survivin, Trp-1, and
tyrosinase. We confirmed, as visualized by immunofluorescence microscopy, that TAPP
were present within U-251 glioma cells as appropriately localized membrane-associated
and/or intracellular proteins (Fig. 1A), as specified by the provider/manufacturer of the
antibodies. The microscopy findings were in agreement with the staining intensities
determined by intracellular flow cytometry. Figure 1B shows the fluorescent profiles of the
TAPP within U-251 cells. All the TAPP tested were positive, with the exception of the
Trp-1 antigen (Fig. 1D). The strongest TAPP expression within U-251 cells was hTert (Fig.
1G). The cells exhibited moderate antigen expression for Her2/neu, survivin, Mage-1,
IL13Ra2 and GP100 (Fig. 1A, B, C, and E, respectively). GnT-V (Fig. 1B), Tyrosinase
(Fig. 1C) and EphAZ2 (Fig. 1D) intensities were less and B-cyclin (Fig. 1G) had low
expression.

Table 2A semiquantitatively summarizes the expression of the TAPP within 12 of the
glioma cell lines. A score was assigned between 0 and 4, which was based on the mean peak
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channel intensity obtained by flow cytometry. As a negative control, human peripheral
blood lymphocytes were shown to be negative or weakly positive (+1 for survivin, GnT-V,
and Her2/neu) for these proteins (data not shown). B-cyclin, GnT-V, Her2/neu, hTert,
IL13Ra2, Mage-1, and survivin were detected within every glioma line in our panel, and
EphA2 was in all cell lines except T98G. GP100 was found within 9 of 12, whereas
tyrosinase was seen in 8 of 12 glioma cell lines. Trp-1 expression was seen in six cell lines
of the panel. Only one cell line, SNB19, possessed all of the TAPP relevant to glioma
immunotherapy. Quantitative scoring of the 12 TAPP (Z score? in the bottom row) is
provided to give an idea of which cell lines had the strongest overall expression profiles.
Those with scores of 228 included A172, LNZ308, SNB19, U-251, and U-373.

Real-time reverse transcription-PCR analysis confirmed the presence of TAPP mRNA in
glioma cell lines

We genetically confirmed that the TAPP mRNA was present for each glioma cell line using
quantitative real-time reverse transcription-PCR technique. This eliminated the possibility
that other cross-reactive proteins were being detected by the antibody staining. RNA was
extracted from the exponentially growing glioma cells and analyzed by real-time PCR
techniques using the SYBR green method. The real-time PCR data (data not shown)
confirmed the intracellular flow cytometry data. Cells that failed to make TAPP mRNA also
failed to make the protein.

Real-time reverse transcription-PCR suggests that four other TAA can be made by the
glioma cell lines

The real-time reverse transcription-PCR technique also allowed us to determine whether the
glioma cell lines make mRNA for four other glioma TAA. Human CTL likely can recognize
the TAA, but commercially available antibodies to test for the proteins do not exist; they
include Aim-2, Gage-1, Sart-1, and Trp-2 (Table 2B). All of the 12 glioma cell lines
analyzed had mRNA expression for Aim-2 (ACt values ranged between 14.6 and 20.3) with
U-251 having the most mMRNA (AC+ = 14.6). Sart-1 mRNA was weakly seen within all
gliomas except for two, LNZ308 and U-87. Five of the 12 glioma lines made mRNA for
Trp-2. Only U-118 cells uniquely made Gage-1 transcripts (ACt = 20.4). Again, we provide
quantitative scoring by converting the AC+ values of the 4 TAPP; they are provided in the
second to last row (Z scoreP).

The scores for the four TAPP were combined with the scores for the 12 TAPP to provide an
overall assessment of TAPP expression (i.e., T scoreP + ¥ score? = ¥ score®). These scores
are given in Table 2B (bottom row). The expression scores when totaled showed that most
of the glioma cell lines are good TAA expressors, but the better choices for inclusion into
cell-based immunotherapy regimens would include those with a X score® of =31; these
include A172 (HLA-A1), LN229 (HLA-A3), LNZ308 (HLA-A24), SNB19, T98G, U-251,
and U-373 (HLA-A2). Based on the distribution of HLA-A alleles present in individuals
comprising the U.S. Caucasian population, we can successfully match 77% of them with one
or more of the glioma cell lines to use for an allogeneic vaccine or as a source for peptide
pulsing of their dendritic cell, should the need arise for immunotherapy of their diagnosed
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brain tumor. With the same panel of glioma cells, we can match 61% of the population for
alleles at HLA-B and 91% of the population for alleles at HLA-C.

TAPP mRNA expression within surgical glioblastoma multi-forme specimens

To be confident that the TAPP expressed by cell lines maintained in tissue culture are
equivalent to that expressed in clinically derived material, we examined for TAPP mRNA
using real-time reverse transcription-PCR in freshly resected surgical glioblastoma
multiforme specimens. The extracted RNA from the surgical specimens was considered
sufficient for protein expression in 9 of 11 specimens (Table 3, column 4). The TAPP
included Aim-2, EphA2, Her2/neu, IL13Ra2, GnT-V, GP100, Mage, Sart-1, survivin,
Trp-1, Trp-2, and tyrosinase. The frequencies of expression correlated fairly well with the
data we collected with the glioma cell lines (Table 3, column 2). Also shown in Table 3,
within parentheses of columns 2 and 4, respectively, are frequencies of these TAPP protein
and molecularly detected TAPP. Finally, in the right hand column are data obtained from a
microarray analysis using Affymetrix U96Av2 chips obtained from RNA derived from 14
“classic” glioblastoma multiforme patients (36). Interestingly, these latter values differed
significantly from our data and those of other studies.

CTL can recognize the functional HLA-A2-restricted immunotherapeutic peptide on the
appropriate tumor target cells

CTL effector cells were generated from CD8" T cells derived from glioma patients by
stimulation with autologous dendritic cells loaded with individual TAA peptides. We
showed that glioma antigens expressed by glioma cells and by peptide-loaded T2 target cells
are lysed by specifically sensitized CTL effector cells and TIL cells in cell-mediated
cytotoxicity experiments (Fig. 2). In Fig. 2 (top row), T2 target cells loaded with Mart-1
(27-35), GP100 (209-217), EphA2 (883-891), or Her2/neu (369-377) were killed in a dose-
dependent manner, whereas T2 cells loaded with an irrelevant influenza M1 antigen were
not. The lytic values for lysis of targets displaying relevant antigen were statistically distinct
(P < 0.05) at all effector-to-target ratios compared with those obtained with targets
displaying irrelevant antigen. In Fig. 2 (middle row), we similarly showed that these same
CTLs lysed the allogeneic HLA-A2+ glioma cells expressing Mart-1, GP100, EphA2, or
Her2/neu HLA-A2-restricted antigens. The glioma cell lines (SNB19, U-373, U-251, and
AL72; see Table 2) tested in the cytotoxicity assays were positive for these antigens. In
contrast, A172 glioma cells that were HLA-A1+, HLA-A3+ were not lysed (<10% specific
lysis) although they expressed the TAPP. The lysis of A172 was statistically different from
each of the other glioma cell lines tested (P < 0.05).

We also did cytotoxicity experiments with TIL effector cells derived from melanoma
patients (Fig. 2, bottom row). TIL 1374 cells are specific to tyrosinase (369-377) whereas
TIL 771 cells are specific for an epitope of GP100 peptide (154-162) different from that
tested earlier. Again, T2 peptide-unloaded or tyrosinase- or GP100-loaded cells were used as
targets (bottom row, first and third columns), or glioma cell lines with known HLA and
tyrosinase or GP100 TAA expressions were used as targets (bottom row, second and fourth
columns). In Fig. 2 (bottom row, first column), T2 tyrosinase peptide—loaded cells were
lysed by TIL 1374 effectors, whereas the unloaded T2 cells were not. Similar findings were
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obtained with TIL 771 effectors and T2 GP100 peptide-loaded and unloaded cells (bottom
row, third column). In Fig. 2 (bottom row, second column), TIL 1374 cells mediated the
lysis of HLA-A2+ T98G and U-251 glioma cells that expressed tyrosinase. In contrast, the
HLA-A2+ but tyrosinase-negative cell line U-373 was not recognized by TIL 1374 cells.
TIL 1374 cells did not lyse the tyrosinase-positive but HLA-A2-negative LN229 glioma
cells. The GP100-restricted TIL 771 effectors killed HLA-A2+ U-251 and T98G glioma
cells, both of which are also positive for GP100 (Fig. 2; bottom row, fourth column). These
data cumulatively indicate that U-251 cells display two GP100 epitopes (154-162 and
209-217). TIL 771 cells failed to lyse the HLA-A2+ but GP100-negative LN18 glioma cells.
In addition, LN229 glioma cells that are HLA-A2 and GP100 negative were not lysed.
Similar findings with the two peptide-restricted TIL indicate that the critical recognition of
the HLA molecule with the peptide is necessary for lysis to occur.

In summary, the CTL and TIL data indicate that functional epitopes of six of the TAPP that
were found to be associated with glioma cells have the potential to be lysed by effector
CTLs specific to those antigens.

Discussion

We confirmed that the 20 glioma cell lines we studied possessed one or more characteristic
neuroglial markers expected on glioma cells of neuroectodermal origin (Table 1) and
notably lacked the marker for oligodendrogliomas (37, 38). The glioma cell lines were
phenotyped for their HLA haplotype specificities by PCR techniques (Table 1). Some of the
more well-known cell lines were profiled decades ago by less sensitive methods (39), and
some were never completely described for their exact HLA profiles (i.e., HLA typed at one
allele). This report updates and compiles the HLA phenotypic data into a single source that
can quickly be referenced. The 20 glioma cell lines in our panel provide a repertoire of 40
different class | HLA alleles (i.e., 9 different HLA-A, 19 HLA-B, and 12 HLA-C alleles).
This extensive representation would allow for flexibility in matching HLA on glioma cell
lines to patient HLA for making individualized patient vaccines. These glioma cell lines
share some histocompatibility with 77%, 85%, and 78% of the U.S. Caucasian population at
HLA-A, HLA-B, and HLA-C loci, respectively.

We showed by flow cytometry that the majority of the glioma cell lines expressed adequate
levels of HLA that can stimulate CTL effector function. Strong HLA-A, HLA-B, and HLA-
C expression is important because whole-cell vaccines with low expression likely would not
stimulate T cells as well. The glioma cell lines we tested should elicit T-cell responses.
Additionally, we characterized 12 of the human glioma cell lines for the presence of 16
possible glioma tumor antigens (TAPP and TAA,; Tables 2 and 3). The particular TAPP that
we studied were selected based on their ability to elicit human immune responses (10, 11,
14-19). As well, the Aim-2, Gage-1, Sart-1, and Trp-2 TAA were previously reported to be
made by gliomas (12, 13, 17-19, 24). Importantly, individual glioma cell lines in our panel
express multiple TAPP and/or TAA (Fig. 2; Tables 2 and 3) that are also expressed within
primary glioblastoma multiforme specimens. Therefore, their substitution for autologous
tumor in generating cell-based immunotherapeutics is validated. The presence of the whole
protein does not guarantee that these antigens are properly processed into antigenic peptides
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that functional CTLs can respond to, however. When TAPP are processed, or when TAA
peptides are present, they are loaded onto the HLA motif for presentation to T cells.
Previously, one coauthor’s laboratory showed that CTLs can kill U-251, T98G, or SNB19
gliomas in a HLA-A2-restricted manner for either IL13Ra.2 (11) or EphA2 (21) antigens.
We expanded these studies and showed that functional glioma antigens are recognized by
CTL or TIL effector cells by doing cell-mediated cytolysis experiments. Importantly, we
showed that HLA-A2+ gliomas or T2 targets were killed by CTL or TIL that were restricted
to Mart-1, Her2/neu, GP100, tyrosinase, or EphA2 (Fig. 2). When glioma cells either lack
the HLA-A2 molecule or lack the peptide, no cell killing occurs. Our study of cell-mediated
cytotoxicity with Mart-1-specific CTLs is the first to show that these CTLs can kill human
gliomas expressing this antigen. U-251 cells were also killed via two different epitopes
(154-162 and 209-217) derived from the GP100 TAPP. Thus, multiple targets are available
for CTL recognition of glioma cells. These functional cytotoxicity data provide proof in
principle of the allogeneic tumor vaccine approach.

The human glioma cell lines we characterized could be used for creating a universal
allogeneic vaccine or, alternatively, for individualizing an allogeneic glioma vaccine for a
particular patient. Each glioma cell line expressed multiple TAPP or TAA. Because not one
cell line possessed all of the TAPP or TAA (Tables 2 and 3) relevant for glioma
immunotherapy, it would be necessary to combine several of the cell lines to create a
universal allogeneic vaccine to comprise all or a majority of the “glioma-specific” antigens
tested here. This approach would be similar to that previously used by Hsueh and Morton
(40). Their polyvalent melanoma vaccine (Canvaxin) was composed of three melanoma cell
lines capable of exposing multiple “melanoma” antigens to a patient’s immune system.

Our work provides an explanation for some successful results reported 23 years ago by
Mahaley et al. (2). Use of the inactivated, unmodified U-251 glioma cells as a vaccine to
treat glioblastoma multiforme patients resulted in documented responders. After standard
debulking surgeries and chemotherapy, patients were vaccinated with monthly s.c. injections
of killed tissue culture—derived glioma cell lines. When U-251 cells were used as the
vaccine, the survival of six of nine patients was more than 950 days. In contrast, when
another cohort of 11 glioblastoma multiforme patients was vaccinated with D-54 glioma
cells, there was little difference in survival from that of their historical controls. There are
several plausible explanations for these results. U-251 cells may be more immunogenic than
D-54 cells. It is possible that the responding patients had HLA and TAA matching those in
U-251 cells. U-251 cells are homozygous at HLA-A2, which may provide enhanced
recognition, and roughly half of the general U.S. population is positive for HLA-A2. D-54
cells display HLA-A1 and A3. Because both alleles roughly represent a quarter of the
population, theoretically up to 50% of the population could respond. Because U-251 and
D-54 cells possessed equivalent relative antigen densities of HLA-A, HLA-B, and HLA-C,
the expression of the HLA antigens is not likely the limiting factor for response with the
D-54 vaccine. The treated patients were not HLA typed, so it is impossible to know what the
precise match was between the HLA of the patients and the vaccine that they received.
Another possibility is that U-251 cells possessed more TAA, inducing a more efficient
immune response. From our comparative analysis of 12 TAPP, U-251 had a slightly higher
expression of the different TAPP (X score = 34) compared with D-54 (X score = 28). One
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might presume that the U-251 vaccine resulted in more peptides being processed into
different epitopes and loaded onto different HLA molecules (10), thus stimulating stronger
T-cell responses. Another possibility is that the number of tumor antigens is a limiting
factor. Currently, there are more known tumor antigens restricted to HLA-A2 than to other
alleles like HLA-AL or HLA-3. Thus, genetically some people might be more capable of
responding to target antigens with an allogeneic vaccine. A prospective study is warranted to
determine if a relationship between HLA and survival exists. Finally, another possible
explanation for the response was that U-251 cells produced a stimulation that drove a
process called “epitope spreading” (41). Here immune responses toward weaker, cryptic
epitopes are produced because a much stronger immune response occurred to the
immunodominant epitope. Epitope spreading has been observed in the rodent glioma model
(42, 43). Understanding the mechanism(s) by which the vaccination with U-251 cells
increased glioblastoma multiforme survival would be informative for the successful
treatment of this cancer with new allogeneic vaccines.

In summary, our current report characterizes a panel of well-known established glioma cell
lines. We have identified their HLA phenotypes and profiled their expression of a plethora
of glioma-associated antigens known to stimulate human immune responses. One major
ramification of our work is that resected primary gliomas could individually be screened for
multiple antigens. A customized allogeneic vaccine, or autologous dendritic cell vaccine
prepared with allogeneic glioma cell peptides, could be produced by first HLA phenotyping
the patient and matching the appropriate tumor cell lines that possess as many
immunotherapeutic antigens with the patient. Alternatively, based on HLA type of the
patient, one could predict which TAA might be commonly associated with the patient
glioma. This knowledge would allow neuro-oncologists and immunologists the ability to
match glioma cell lines with their patients and begin immunotherapy as soon as possible,
while tumor burden and serum transforming growth factor-g levels are low, to improve
patient survival.
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Fig. 1.

TAPP associated with U-251cells by immunofluorescence microscopy and by intracellular
flow cytometry. A, immunofluorescence of U-251cells shows that the TAPP are present
within their predicted intracellular locations. U-251gliomas were allowed to attach to
coverslips overnight. The cells were fixed, permeabilized, and then stained with the specific
antibodies. Top, left to right, Her2/neu, GnT-V, and survivin. Top middle, tyrosinase
Mage-landTrp-1 (which is as bright as the negative control; not shown). Bottom middle,
EphA2, GP100, and IL13Ra2. Bottom, B-cyclin, Mart-1, and hTert. B, intracellular flow
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cytometry of TAPP within U-251glioma cells. U-251glioma cells (10°%) were fixed and
permeabilized. The permeabilized cells were incubated with the primary antibodies for 1h,
washed, and subsequently incubated with a FITC-labeled secondary antibody directed
against the primary antibody. Flow cytometric analysis of 104 glioma cells is shown. The
isotypic control (dark line) and the anti-TAPP staining (either a fine line or dashed line) are
shown. a, Her2/neu; b, GnT-V and survivin; c, tyrosinase and Mage-1; d, Trp-1 and EphA2;
e, GP100 and IL13Ra2; f, Mart-1; g, B-cyclin and hTert.
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Fig. 2.

Cytotoxicity assays done with HLA-A2-restricted CTL or TIL effectors and peptide-loaded
T2 cells or glioma target cells. CTL (top and middle rows) were directed against Mart-1,
GP100, EphA2, and Her/neu peptides and incubated with peptide-loaded T2 target cells (top
row) or glioma target cells (middle row). TIL (bottom row) were incubated with either
peptide-loaded T2 cells or the glioma target cells. The effector TIL 1374 cells are specific
for tyrosinase (366-377; left) and TIL 771 cells are specific for GP100 (154-162; right) and
incubated with the target glioma cells. The phenotypes of the glioma cells used are, for
SNB19: HLA-A2+, Mart-1+, GP100+, EphA2+, Her2/neu+; U-251: HLA-A2+, Mart-1+,
GP100+, EphA2+, Her2/neu+, tyro+; U-373: HLA-A2+, Mart-1+, GP100+, EphA2+,
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Her2/neu+, tyro—; A172:HLA-A2-, Mart-1+, GP100+, EphA2+;T98G: HLA-A2+, tyro+;
LN229: HLA-A2-, tyro+.

Clin Cancer Res. Author manuscript; available in PMC 2014 May 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Zhang et al.

Human glioma cell line neuroglial profile and HLA Class | and Il phenotypes”

Table 1

MOLECULAR PHENOTYPE

Class| Class||

Glioma Neuroglial b HLA-A HLA-B HLA-C HL-DR HLA-DQ
04-11-MG V,F 1 8,57,w4,w6 w6,w7 13,17,52 2,6
12-11-MG N,GF 24,32 27,64,w4,w6 w2,w8 4,7 2,3
13-06-MG N, GF, V 1,2 44,57, w4 NT NT NT
Al172 N, vV 13 8,42 w7 NT NT
D-54M G N,V 1,3 78 w7 NT NT
D-645M G \ 2,23 35,49,w4,w6 wé,w7 1,4,53 58
DBTRGO05-MG V,F 2,68 35,38, w4,w6 | wi2wl5 | 4,14,52,53 58
NR203 V,F 2 7,60,w6 w7,w10 4,15,51,53 6,7
NR206 GF,V 2 62,w6 w10 4,53 8
NR213 GF,V 2 44,55,w4,w6 w5,w9 4,15,51,53 6,7
LN-18 NT 2,9 5,w35 NT w3 NT
LN-229 NT 3 35 w4, wi2? NT NT
LNZ308 N, V,F 24 35,51 w4,14 NT NT
SF767 N 1,32 8,44 w5,w7 NT NT
SNB19 N,V 2 18 w5 NT NT
T98G N, V,F 2 35,39,w6 w4,w7 8,12,52 4,7
U-87TMG N, V,F 2 44 w5 NT NT
U-118MG N, V, F 24,29 39,44 w7,16 NT NT
U-138M G N, V,F w24 27,25 NT NT NT
U-25IMG N, vV 2 18,w6 w4 NT NT
U-373MG GF,V 2 18 w5 NT NT
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aLI'he gliomas were typed by a PCR-based molecular approach. NT: not tested; w4,w12?: indicates that we cannot rule out wi2 in the presence of

w4,

bThe gliomas were profiled for neuroglial markers: NF 160 (N); GFAP (GF); Galactocerebroside (GC); vimentin (V); and fibronectin (F).

c I
Molecular specificities:

04-11-MG: A*01:01; B*08:01/19N,*57:01; Cw*06:02, *07:01/06/18; DPB1*01:01, *03:01 DRB1*03:01, *13:02; DRB3*01:01, *03:01;
DQB1*02:01, *06:04

D-645MG: A*02:05/14, *23:01/02; B*35:01/,42, *49:01; Cw*04:01/09N, *07:01/06/18; DRB1*01:01,*04:05, DRB4*01:03;

DQB1*03:02,*05:01

DBTRG05-MG: A*02:01/04/09, *68:01/11N/23; B*35:01/42, *38:01; Cw*12:03/04, *15:02/07; DRB1*04:02, *14:01/39; DRB3, DRB4;
DQB1*03:02, *05:03

NR203: A*02:01, B*07:02/05/06, *40:01/33; Cw*03:04, *07:02; DPB1*04:01, DRB1*04:08, *15:01; DRB4*01:03, DRB5*01:01;

DQB1*03:01, *06:02

NR206: A*02:01; B*15:01; Cw*03:04; DPB1*13:01; DRB1*04:05; DRB4*01:05; DQB1*03:02

Clin Cancer Res. Author manuscript; available in PMC 2014 May 22.
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NR213: A*02:01; B*44:02/10N/27, *55:01; Cw*03:03, *05:01/03; DPB1*04:01, *11:01; DRB1*04:01, *15:01; DRB4*01:03,
DRB5*01:01; DQB1*03:01, *06:02

T98G: A*02:01; B*35:03, *39:06; Cw*04:01/09N, *07:02; DPB1*03:01,*04:01; DRB1*08:01, *12:01; DRB3*02:02; DQB1*03:01, *04:02

Clin Cancer Res. Author manuscript; available in PMC 2014 May 22.
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Table 3
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Frequency comparisons of TAPP protein and mRNA in glioma cell lines and in surgically resected
glioblastoma multiforme tissues as found in the studies presented here and elsewhere

TAPP Glioma cell GBM specimens/ GBM specimens/ Glioma cell GBM specimens/ GBM specimens/
gene lines/protein protein detection gPCR detection lines'lgPCR molecular detection microarray
detection detection detection
Positive/ Positive/ Positive/ Positive/ Positive/ Positive/
total analyzed total analyzed total analyzed total analyzed total analyzed total analyzed
(% frequency) (% frequency) (% frequency) (% frequency) (% frequency) (% frequency)
reference source reference source
B-cyclin 17/17 (100%) 10/10 (100%) 6/14 (43%)
EphA2 16/17 (94%) 1"39’/1;‘((19’035@)"?6‘}'.2221 10/11 (91%) 10/14 (71%)
Her2/ineu  17/17 (100%) (76%) ref. 16 11/11 (100%) N = 43 (81%), ref. 16 2/14 (14%)
IL13Ra2  17/17 (100%)  11/11 (100%), ref. 44 10/11 (91%) 11/11 (100%), ref. 44 4/14 (29%)
GnT-V 17/17 (100%) 11/11 (100%) 6/13 (46%), ref. 27 0/14 (0%)
GP100 10/17 (59%) (45%) ref 16 9/11 (82%) 8/223(?22%,% 11% 0/14 (0%)
Mage-1 17117 (100%) 12 14(352%"192“16‘5 11/11 (100%) 821 (3?2/8)0}0 Sefre%Zm 3/14 (21%)
Mart-1 13/17 (76%) 4/11 (36%) 0/14 (0%)
Suvivin 1717 (100%) 4%/ 5?8(?%’)"2‘5{?;625 10/11 (91%) 1714 (7%)
hTert 17/17 (100%) 10/10 (100%) 30/43 (70%), ref. 23 0/14 (0%)
Trp-1 6/17 (35%) 10/11 (91%) 11/21 (52%), ref. 12 0/14 (0%)
Tyrosinase  11/17 (65%) 10/11 (91%) 8/21 (38%), ref. 12 14/14 (100%)
Aim-2 10/11 (91%) 17/17 (100%) N =43 (93%), ref. 18 0/14 (0%)
Gage-1 0/11 (0%) 2/17 (12%) 13/20 (65%), ref. 13 14/14 (100%)
Sart-1 5/10 (50%), ref. 24 10/11 (91%) 17/17 (100%) 14/14 (100%)
Trp-2 9/11 (82%) 7/17 (100%) 13/21 (62%), ref. 12 0/14 (0%)

NOTE: Microarray based on http://www.broad.mit.edu/mpr/publications/projects/Cancer_Susceptibility/glioma_nutt_combo.gct.

Abbreviations: GBM, glioblastoma multiforme; gPCR, quantitative PCR.
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