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Abstract

Purpose: We previously reported that autologous dendritic cells pulsed with acid-eluted tumor
peptides can stimulate T cell — mediated antitumor immune responses against brain tumors in ani-
mal models. As a next step in vaccine development, a phase | clinical trial was established to eval-
uate this strategy for its feasibility, safety, and induction of systemic and intracranial T-cell
responses in patients with glioblastoma multiforme.

Experimental Design: Twelve patients were enrolled into a multicohort dose-escalation study
and treated with 1, 5, or 10 million autologous dendritic cells pulsed with constant amounts
(100 pg per injection) of acid-eluted autologous tumor peptides. All patients had histologically
proven glioblastoma multiforme. Three biweekly intradermal vaccinations were given; and patients
were monitored for adverse events, survival, and immune responses. The follow-up period for this
trial was almost 5 years.

Results: Dendritic cell vaccinations were not associated with any evidence of dose-limiting tox-
icity or serious adverse effects. One patient had an objective clinical response documented by
magnetic resonance imaging. Six patients developed measurable systemic antitumor CTL
responses. However, the induction of systemic effector cells did not necessarily translate into
objective clinical responses or increased survival, particularly for patients with actively progress-
ing tumors and/or those with tumors expressing high levels of transforming growth factor 3,
(TGF-p,). Increased intratumoral infiltration by cytotoxic T cells was detected in four of eight
patients who underwent reoperation after vaccination. The magnitude of the T-cell infiltration
was inversely correlated with TGF-{3, expression within the tumors and positively correlated with
clinical survival (P = 0.047).

Conclusions: Together, our results suggest that the absence of bulky, actively progressing tumor,
coupled with low TGF-, expression, may identify a subgroup of glioma patients to target as

potential responders in future clinical investigations of dendritic cell — based vaccines.

Glioblastoma multiforme is the most malignant primary brain
tumor of the central nervous system (CNS) and one of the most
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lethal of adult cancers worldwide. Current therapeutic options
for patients with glioblastoma multiforme consist of surgical
resection followed by radiation therapy and chemotherapy.
Despite this aggressive multimodality approach, patients with
glioblastoma multiforme continue to have a poor prognosis,
with a median survival of ~ 1 year and a 5-year survival rate of
<2% (1).

An emerging strategy in the treatment of brain tumors
involves the stimulation of an antitumor immune response.
Immunotherapy is theoretically appealing because it offers the
potential for a high degree of tumor specificity, whereas sparing
normal brain structures. Several different laboratories have
shown that effective immune responses within the CNS can be
generated through the use of gene-modified tumor cell vaccines
(2-4), the adoptive transfer of immune T cells (5, 6), or the use
of dendritic cell-based vaccines (7-11). These results imply
that systemic immunity can enter the “immunologically
privileged” CNS, selectively identify tumor-associated antigens,
and destroy brain tumor cells (12).

Early-phase dendritic cell -based clinical trials for human
tumors outside the CNS have shown favorable toxicity profiles
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and therapeutic efficacy in some patients (13-17). Preclinical
animal studies (7, 9, 18-20) and phase I clinical trials (8, 10,
11, 21-24) have also shown that dendritic cells pulsed with
tumor lysates, cell fusions, RNA, and/or peptides can elicit
antitumor immune responses against CNS neoplasms.
Although the clinical data to date is too limited to make any
conclusions about efficacy, the advantages of dendritic cell -
based immunotherapy, along with its documented safety and
feasibility, have stimulated further development and testing.

Whereas recent reports using dendritic cells to treat brain
tumors have yielded encouraging results (8, 10, 11, 21-23, 25),
there are still many practical and theoretical problems to be
resolved. For instance, little is known about the best methods
for loading dendritic cells with antigens, the optimal dose
and route of administration, or how to identify subgroups of
patients that are more likely to develop clinical responses. In
an attempt to address some of these issues, we translated a
successful preclinical model into a phase I dose-escalation
study using dendritic cells pulsed with autologous acid-eluted
tumor peptides in a uniform population of malignant glioma
patients. All patients had the same histopathologic diagnosis
of glioblastoma multiforme (WHO grade 4). Primary
objectives were to evaluate safety and feasibility, as well as
to determine whether dose-limiting toxicity was reached when
given as three biweekly intradermal injections. Secondary
objectives were to assess this vaccination strategy for its ability
to stimulate systemic antitumor CTL responses and to
investigate whether induction of such responses correlated
with intracranial T-cell infiltration and/or clinical survival.
Finally, we sought to identify surrogate variables that might
help select subgroups of glioblastoma multiforme patients
with the highest likelihood of responding to dendritic cell -
based vaccine strategies. Patients enrolled in this study were
followed for almost 5 years.

Materials and Methods

Patient eligibility and treatment schedule. Patients with newly
diagnosed or recurrent glioblastoma multiforme, who provided written
informed consent according to University of California at Los Angeles
(UCLA) Internal Review Board guidelines, were eligible. Inclusion
criteria were malignant gliomas that were amenable to surgical
resection, a Karnofsky performance score of >60, and evidence of
normal bone marrow function (e.g., hemoglobin >10.0 g/d, absolute
granulocyte count >1,500/uL, and platelet count >100,000 K), as well
as adequate liver and renal function. Patients must have recovered from
all toxicities related to any previous therapy and not have received any
radiation therapy for at least 2 weeks, nitrosureas for at least 6 weeks,
nor other chemotherapy for at least 4 weeks before entry into the trial.
Exclusion criteria included allergies to any components of the dendritic
cell vaccine, concurrent or prior corticosteroid use within 2 weeks of
initial vaccination; the presence of acute infection requiring active
treatment, severe intercurrent medical conditions, known immunosup-
pressive disease, positive serology for HIV or hepatitis B; history of an
autoimmune disease, or prior history of other malignancies. Twelve
patients were enrolled sequentially into three cohorts according
to a dose-escalation design, with the first three subjects receiving
1 X 10° dendritic cells per vaccination, the second three receiving
5 x 10° dendritic cells per vaccination, and the final six receiving 1 x 107
dendritic cells.

Preparation of autologous dendritic cells. Standard leukapheresis was
done at the UCLA Hemapheresis Unit to harvest peripheral blood
mononuclear cells for dendritic cell cultures. Blood was drawn as a source
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of autologous serum for the cell cultures. Patients were supplemented
with oral iron and vitamin C throughout the study to prevent anemia. All
ex vivo dendritic cell preparations were done in the UCLA Jonsson Cancer
Center GMP facility under sterile and monitored conditions. Dendritic
cells were prepared by culturing adherent cells from peripheral blood
with granulocyte macrophage colony-stimulating factor and interleukin-
4 (IL-4), using techniques described previously (26). Following culture,
dendritic cells were collected by vigorous rinsing, washed with sterile
0.9% NaCl solution, and cryopreserved in individual aliquots with 10%
DMSO and 20% autologous serum.

Autologous tumor culture and preparation of acid-eluted tumor-
associated peptides. Fresh tumor samples from surgical resection were
transported under sterile conditions to the UCLA Jonsson Cancer
Center GMP facility and used to establish autologous primary
glioblastoma multiforme cell lines, as previously described (27, 28).
Cultured tumor cells were harvested and used for acid elution of
surface peptides. The median duration of primary tumor cell culture
was 5 weeks (range, 2-14 weeks). Tumor-associated surface proteins
enriched for MHC class I peptides were isolated by an acid elution
protocol as described previously (7, 29). Peptide washes were then
lyophilized to complete dryness, resuspended in 0.2 mL dPBS,
aliquoted, and frozen at —80°C. A 5-uL sample of each peptide
preparation was quantified by microprotein assay (Bio-Rad, Hercules,
CA) and analyzed by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (Bruker Daltonics, Billerica, MA) as
previously published (28). Before patient vaccination, tumor peptides
were also tested for sterility by Gram stain; Limulus amebocyte lysate
assay (Bio Whittaker, Walkersville, MD); and routine aerobic,
anaerobic, and fungal cultures. A constant amount of peptide
(100 pg) was used to pulse dendritic cells for each injection, regardless
of the dose of dendritic cells.

Final vaccine preparation and dose administration. On the day of
each vaccination (study days 0, 14, and 28), cryopreserved dendritic
cells were thawed, washed thrice, and pulsed 30 to 60 minutes with
100 pg of autologous glioblastoma multiforme tumor peptides in
serum-free RPMI 1640. The available number of peptide-pulsed
dendritic cells (identified as unstained large cells) was determined by
hemacytometer count using trypan blue. Before administration,
peptide-pulsed dendritic cells were washed with saline and the
appropriate vaccine dose resuspended in 1 mL of sterile 0.9% NaCl
solution. For quality assurance, an aliquot of the final product
underwent immediate Gram staining and endotoxin PCR to rule out
contamination, and additional aliquots were sent for Limulus amebo-
cyte lysate assay and cultures for bacterial and fungal pathogens. The
purity and biological signature of each dendritic cell vaccine was also
determined by FACScan flow cytometry (BD Biosciences, San Jose, CA).
Cells were stained with PerCP-conjugated anti-HLA-DR monoclonal
antibody (mAb, for MHC class II, BD Biosciences) and FITC-conjugated
anti-CD14-FITC (for monocytes/macrophages; Caltag Laboratories,
Burlingame, CA); and >50% of the large cell gate had to express
HLA-DR, but not CD14, to be released for patient administration. For a
more comprehensive analysis, dendritic cells were also stained with
mAb to HLA-A,B,C (MHC class I), CD80 and CD86 (B7 costimulatory
molecules), CD40 (tumor necrosis factor receptor superfamily 5), and
CD83 (immunoglobulin superfamily). The final 1 mL vaccine dose was
drawn into a sterile syringe and given as an intradermal injection (using
a 25-gauge needle) in the region below the axillae, with the site of
administration alternating between right and left sides for each
vaccination. Subjects were monitored for 2 hours post-immunization
in the UCLA Clinical Research Center.

Evaluation of clinical status. Toxicity was monitored and graded
according to the National Cancer Institute Common Toxicity Criteria.
The overall incidence of adverse events was recorded. Evaluation for
autoimmune symptoms and neurologic exams were done before and 30
minutes after each vaccination, as well as at all follow-up visits every
8 weeks. Time to tumor progression (TTP) was defined as the interval
from surgical resection until the first observation of tumor progression,
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as evidenced by magnetic resonance imaging (MRI). Survival time was
determined from the date of surgery to date of death due to any cause.

Alamar blue CTL assay. Immunologic monitoring was routinely
conducted pretreatment (on day —14), day 35, day 56, day 112, and
every 8 weeks thereafter, using 75 mL of blood drawn at each time
point. Peripheral blood T cells from patients receiving peptide-loaded
dendritic cells were assessed for de novo cytotoxic activity against
autologous tumor cells using an Alamar blue CTL assay (30). CD3" T
cells were purified by negative selection with specific antibodies (anti-
CD14, anti-CD16, anti-CD19; PharMingen, San Diego, CA) and
immunomagnetic beads (Dynal Biotech, Inc., Lake Success, NY) as
described previously (26). T cells were incubated with 2,500 autologous
tumor cells/well at E/T ratios ranging from 80:1 to 5:1, in triplicate. The
autologous tumor cells were from the cell lines established from each
patient’s primary tumor. Controls included wells with T cells alone,
tumor cells alone, and medium alone. MHC-restricted cytotoxicity was
assessed by the addition of 5 pg/mL anti-B,-microglobulin antibody
(mAb B1G6, Beckman-Coulter, Miami, FL) to some wells. Alamar blue
(Biosource International, Camarillo, CA) was added to each well, and
the plates were incubated for 20 to 24 hours at 5% CO, and 37°C.
Following incubation, the Alamar blue fluorescence was read on a
Cytofluor 2300 plate reader (PerSeptive Biosystems, Framingham, MA)
with excitation at 530 nm and emission at 590 nm. The percentage of
lysis was calculated using the formula:

% lysis =100 x {(F of targets alone)—
[(F of effector and target mix)—
(F of effectors alone)]}

(F of targets alone)

where F = the average fluorescence of the sample wells after the
fluorescence of the wells containing medium alone was subtracted. The
CTL response was interpreted as “positive” when the percent specific
lysis by post-vaccine CTLs (drawn at day 35) was at least twice in
magnitude as that of pre-vaccine CTLs (drawn at day —14) at two or
more of the effector/target ratios tested.

Immunohistochemistry. Serial paraffin sections of surgical intracra-
nial tumor specimens were cut to 3-pm thickness and stained with anti-
human antibodies against CD3, which recognizes all T lymphocytes
(1:100 dilution, Biocare Medical, Walnut Creek, CA); CD8 (marker for
CTLs), CD4 (marker for helper T lymphocytes, Ty), CD45 (leukocyte
marker), and CD45RO (marker for activated lymphocytes) at 1:50,
1:100, 1:300, and 1:50 dilutions, respectively (DAKO Corp., Carpin-
teria, CA); and transforming growth factor B, (TGF-p,, 1:50 dilution,
R&D Systems, Minneapolis, MN). Sections were baked for 1 hour at
60°C, deparaffinized, and endogenous peroxidase activity quenched by
treating with 0.5% H,0O, in methyl alcohol for 10 minutes. Heat-
induced epitope retrieval was done on the slides using 0.01 mol/L
citrate buffer (pH 6.0; for CD8 and CD45RO) or 0.001 mol/L EDTA
(pH 8.0; for CD3 and CD4) in a vegetable steamer (Black & Decker,
Towson, MD); slides were heated for 25 minutes, cooled, and washed
in 0.01 mol/L PBS. All slides then were placed on a DAKO Autostainer
(DAKO) and sequentially incubated in primary antibody for 30
minutes, then rabbit anti-mouse secondary immunoglobulins (DAKO)
for 30 minutes. Diaminobenzidine and hydrogen peroxide were used as
the substrates for the peroxidase enzyme. For the negative controls,
mouse isotype or rabbit immunoglobulins (DAKO) were used in place
of the primary antibodies.

Reverse transcription-PCR. RNA was isolated from frozen tumor
samples using Trizol (Invitrogen, Carlsbad, CA) and reverse transcribed
to cDNA. For cDNA synthesis, ~1 pg of total RNA was reverse
transcribed using the Omniscript RT kit (Qiagen, Valencia, CA). Human
TGF-B, and IL-10 sequences were then PCR amplified using Taq DNA
polymerase (Qiagen). The PCR mixture consisted of 300 pmol/L
deoxynucleotide triphosphates, 1.5 mmol/L Mg>*, 10 umol/L primers,
and 2.5 units Taq DNA polymerase/reaction. Primer pairs for TGF-p,
and IL-10 were purchased from R&D Systems. The expression of TGF-p,
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(product size = 279 bp) and IL-10 (product size = 427 bp) was
confirmed by loading a 5 pL volume of each PCR reaction onto 1.5%
agarose gels, stained with ethidium bromide. The band intensities were
analyzed by densitometry using AlphaEase software (Alpha Innotech,
San Leandro, CA). Gene expression was normalized to glyceraldehyde-
3-phosphate dehydrogenase expression and statistical analysis was done
using Systat software v. 11.

Statistical analysis. Continuous variables were compared using a
paired Student’s t test. Categorical variables were compared using the
X2 or Fisher’s exact test. The median survival times, median TTP, and
survival curves were determined using the Kaplan-Meier method. The
Wilcoxon log-rank test was used to compare curves between study and
control groups. All P values are two tailed, and P < 0.05 was considered
statistically significant.

Results

Patient characteristics. Twelve patients with histologically
proven glioblastoma multiforme were enrolled in this phase I
trial (Table 1). Seven had newly diagnosed tumors, whereas five
had recurrent glioblastoma multiforme. There were seven
women and five men, with an age range from 20 to 65 years
(mean age of 40 years). Newly diagnosed glioblastoma multi-
forme patients underwent surgery and a standard course of
external beam radiotherapy (up to 6,000 cGy) but no other
treatment before dendritic cell vaccination. Recurrent glioblas-
toma multiforme patients had previous radiation therapy and/
or chemotherapy before presenting with tumor recurrence;
thus, they underwent surgical resection of their tumors
followed by dendritic cell immunotherapy at the earliest
feasible date. All patients were treated with concurrent
anticonvulsant therapy, were off corticosteroids for at least 14
days before the first dendritic cell vaccination, and did not take
any steroids thereafter until they were considered off study
because of tumor progression. Thus, all evaluations for toxicity,
treatment response, and immunologic monitoring were done
in the absence of corticosteroid effects. The median time
between surgical resection and the initiation of dendritic cell
vaccination was 18 weeks (range, 4-28 weeks). All patients had
a baseline brain MRI scan within 1 month before starting the
immunotherapy. Because tumor progression in itself was not
an exclusion criterion to enrollment in this phase I trial, none
of the subjects who were accrued were not treated due to tumor
progression per se, although there was one subject who signed
the consent but received no vaccine because of steroid
dependency.

Primary glioblastoma multiforme cultures and characterization
of autologous acid-eluted tumor peptides. Short-term cultures of
primary glioblastoma cells were successful in ~80% of all the
samples that we attempted. For the intend-to-treat subjects in
this trial (n = 15), the tumor cells did not grow sufficiently well
in 3 of 15 patients (20%), which left 12 subjects who were
actually enrolled and assigned to an experimental cohort. When
no cell line could be made, the patients were not subsequently
continued on this study. These patients were treated with
conventional chemotherapy per standard of care.

As would be expected, autologous tumor cell lines were more
consistently established for patients with newly diagnosed
tumors than for those with recurrent and previously treated
glioblastoma multiforme, as the latter tumors contained a
greater amount of necrotic debris and dead cells. Although some
variability was observed between patient samples, the cell
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Patient Tumor Age Gender
subject path

Table 1. Patient characteristics

KPS

Dendritic Tumor status Pre-vaccine
celldose at dendritic

therapy*

Post-vaccine therapy

Adverse events'

no. (x 10%) cell vaccine
1 GBM* 33 M 90 1 ND Reoperation, Temodar Constipation/diarrhea
2 GBMm? 33 M 80 1 PD Temodar + Accutane, Reoperation, CPT-11 Headache, nausea/
Tamoxifen vomiting, low-
grade fever
3 GBM? 23 F 100 1 ND Tamoxifen, Reoperation, Fatigue, nausea/
Temodar, Carboplatin vomiting
4 GBM! 20 F 90 5 SD Reoperation Low-grade fever,
constipation/
diarrhea
5 GBM' 23 F 100 5 SD Temodar Fatigue, myalgia,
nausea/vomiting,
pain/itching at
injection site, lymph
node swelling,
allergic rhinitis
6 GBM' 42 F 100 5 SD Temodar + Accutane Lymph node swelling
7 GBM? 48 M 80 10 PD “Intra-cellular Reoperation, Temodar, Headache, fatigue
hyperthermia” Gleevec
gl GBM® 55 F 60 10 SD SRS, Thalidomide, Temodar Fatigue
Accutane,
Tamoxifen
gl GBM' 43 F 90 10 ND Temodar Erythema at
injection site
10 GBM' 65 M 90 10 PD Temodar Fatigue
1 GBM' 57 M 90 10 PD Temodar + VP16
12 GBM? 43 F 70 10 PD Temodar, Tamoxifen =~ CCNU Seizure, hyponatremia

Abbreviations: SD, stable disease; PD, progressive disease; ND, no measurable disease; KPS, Karnofsky performance score.

*Pre-vaccination therapy refers to additional treatments besides surgery and standard external beam radiation therapy (up to 60 Gy); Temodar, temozolamide; Accutane,
isotretinoin; “Intracellular hyperthermia” was an experimental protocol in Switzerland; CPT-11, irinotecan; Gleevec, imatinib mesylate; VP-16, etoposide; CCNU =
lomustine; and SRS = stereotactic radiosurgery.

+ All adverse experiences related to protocol were of mild severity (National Cancer Institute grades 1and 2). Adverse events that were of higher severity were determined

to be not related to protocol and likely due to tumor progression.
+ Newly diagnosed glioblastoma multiforme.
§Recurrent glioblastoma multiforme.

three injections.

IPatients 8 and 9 received only one injection of 107 dendritic cells because insufficient numbers of HLA-DR*/CD-14~ dendritic cells were generated to complete all

morphology of each cell line was generally uniform and stable
throughout the early-passage cultures. The glioblastoma multi-
forme cell lines were all positive for glial fibrillary acidic protein
by immunohistochemistry (data not shown), confirming the
maintenance of their glial phenotype. Fluorescence-activated
cell sorting analysis and immunohistochemistry for MHC class I
was done on the glioblastoma multiforme cell lines and all
expressed MHC class I molecules, although at variable levels.
Exposing cell cultures to IFN-y and IFN-a up-regulated both
MHC class I expression and the amount of glioblastoma-
associated peptides harvested by acid elution, suggesting that the
acid-eluted material was indeed associated with MHC molecules
(28). Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry analysis of the acid-eluted material revealed
molecular weights between 800 and 1500 daltons, which were
compatible with the size of peptides (9-12 amino acids)
accommodated by the peptide-binding cleft of MHC alleles.
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To prepare a sufficient amount of peptide (100 pg per
injection) for this protocol, glioblastoma multiforme cell
cultures with at least 10® cells was necessary. However,
estimating the amount of tumor required for peptide recovery
was difficult, as the yield of acid-eluted peptides from primary
glioblastoma multiforme cultures was not directly proportional
to the number of cells processed. The number of passages
required for obtaining sufficient peptide for each patient varied
from 3 to 12. Thus, vaccine administration was sometimes
delayed by the time required to obtain sufficient peptide
antigen (i.e., >4 weeks). For this reason, we are concurrently
investigating other methods of dendritic cell pulsing, the
clinical results of which will be subsequently compared with
those reported here.

Characterization and feasibility of dendritic cell vaccine.
Dendritic cells generated from adherent peripheral blood
precursors cultured in the presence of cytokines IL-4 and
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granulocyte macrophage colony-stimulating factor expressed
high levels of MHC class I (HLA-A,B,C), MHC class II (HLA-
DR), and B7.2 costimulatory molecules (CD80 and CD86), as
well as the absence of CD3 and CD14. Incubation of dendritic
cells with acid-eluted tumor-associated peptides resulted in a
modest increase in the expression of CD80 (costimulatory
molecule B7-1), CD83 (marker for interdigitating dendritic
cell/Langerhans cell), and CD86 (costimulatory molecule
B7-2), suggesting dendritic cell maturation.

Three subjects received three intradermal vaccinations of
1 x 10° acid-eluted peptide-pulsed dendritic cells, and three
subjects were treated with three injections of 5 x 10° dendritic
cells. For the six patients assigned at the highest dose level
(1 x 107 dendritic cells per injection), sufficient numbers of
functional dendritic cells for all thre injections were available
from a single leukapheresis in only four of the six subjects. Two
of the subjects within this high-dose cohort (patients 8 and 9)
were treated with only a single vaccination due to insufficient
numbers of dendritic cells that met the HLA-DR*/CD-14" lot
release criteria. Of note, patient 8 had prior therapy with
thalidomide and patient 9 had previously been treated with
Neupogen (r-met-Hu-G-CSF), both of which have potential
immunomodulatory effects on dendritic cell phenotype/func-
tion (31, 32).

Vaccine safety and toxicity. Dendritic cell vaccinations were
well tolerated, with no major adverse events (National Cancer
Institute grade 3 or 4) observed in any subject during the
vaccine cycles (Table 1). There were no clinical or radiological
signs of autoimmune reactions in any patient. Four subjects
(patients 2, 3, 4, and 5) showed grade 1 toxicities in the form
of low-grade fevers (<100.4°F) and/or flu-like symptoms (e.g.,
fatigue and myalgia). Three of these patients (patients 2, 3,
and 5) also had nausea and vomiting at some point within
the first few weeks of the dendritic cell vaccination. Two
subjects (patients 5 and 9) exhibited injection site reactions,
consisting of erythema, pain, and itching that lasted 48 to 72
hours after the first dendritic cell injection. Two patients
(patients 5 and 6) developed lymph node swelling. Patient 5
had palpable axillary and cervical lymph nodes 1 week after
the first dendritic cell vaccination, which persisted for 1
month; whereas patient 6 developed supraclavicular lymph
node swelling 2 weeks after the first vaccination, which lasted
48 hours. Two subjects (patients 1 and 4) developed diarrhea
and constipation, probably due to the supplemental iron
tablets that were given to prevent anemia during the trial.
There were no treatment-related hematologic, hepatic, renal,
or neurologic toxicities. On follow-up MRI scans of the brain,
there were no new abnormalities observed following dendritic
cell vaccination other than those directly related to tumor
growth at the time of tumor recurrence. Cumulatively, these
data suggest a low toxicity profile for the acid-eluted
glioblastoma multiforme peptide-pulsed dendritic cells at all
dose levels tested.

Clinical evaluations. Although this phase I clinical trial was
not powered to detect clinical efficacy, tumor response was
monitored by clinical and MRI assessments at baseline (within
1 month before therapy), at day 56 post-therapy, and every
8 weeks thereafter as surrogate markers for clinical response
and tumor status.

Five of the 12 subjects (patients 2, 7, 10, 11, and 12) had
ongoing progressive disease before dendritic cell-based
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vaccination. Four subjects (patients 4, 5, 6, and 8) had stable
gross residual disease, and three patients (patients 1, 3, and 9)
had no measurable residual disease at the start of dendritic cell
injections. When considering all 12 glioblastoma multiforme
patients enrolled in this clinical trial, overall survival was
100% at 6 months, 75% at 1 year, and 50% at 2 years, with
two long-term (>4 year) glioblastoma multiforme survivors.
Median TTP was 15.5 months, and median overall survival
was 23.4 months. As might be expected, those patients with
bulky, progressively growing tumors at the time of initial
dendritic cell vaccination, regardless of whether they were
newly diagnosed or recurrent, continued to have tumor
progression despite active immunotherapy. For this subgroup
of patients, the median overall survival was 11.7 months,
which is not significantly different from those of historical and
concurrent glioblastoma multiforme patients treated at our
institution. For the patients with stable tumors or no residual
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Fig. 1. Kaplan-Meier curves of TTP (A) and survival (B) between the study group
(n =12, dashed line) and concurrent control patients with newly diagnosed
glioblastoma multiforme (recursive partitioning analysis class lll: age <50 years and
Karnofsky performance score of > 90) treated at UCLA during the same time period
(n =99, solid line). Controls represent the population of patients who received
surgical resection (not just biopsy) and were off steroids by 14 days after standard
radiation therapy. Even when compared with this better overall prognostic class of
control patients, the TTP (P = 0.028) and overall survival (P = 0.006) were
significantly longer in the dendritic cell — vaccinated study group.
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disease at the time of dendritic cell vaccination, median TTP
was 19.9 months. Overall survival times in this group ranged
from 18 to >58 months, with a median survival of 35.8
months. This compares favorably even when compared with
historical/concurrent data for the best prognostic group of
glioblastoma multiforme patients (recursive partitioning anal-
ysis class III: age <50 years and Karnofsky performance score of
>90) treated at UCLA during the same time period, who
underwent surgical resection (not just biopsy) and became off
steroids within 2 weeks after completion of postoperative
radiotherapy (n = 99). In comparison with our study patients,
the control population of patients had a median TTP of 8.2
months (P = 0.028) and overall median survival of 18.3
months (P = 0.006; Fig. 1).

One patient (patient 5) had near complete regression of
residual tumor, which was seen on MRI 2 months after
completion of peptide-pulsed dendritic cell vaccination and
before any additional adjuvant treatment. Both the size of the
areas of T2W hyperintensity and the contrast-enhancing tumor
decreased in this patient (Fig. 2). Although this radiographic
change is more likely related to a delayed response to radiation
therapy, it is interesting to speculate that dendritic cell -based
immunotherapy might have contributed to this clinical
response, as this patient also showed significant CTL responses
against autologous tumor cells in wvitro. Serial MRI scans
obtained for this patient showed residual tumor after surgery
and radiation therapy (Fig. 2A), partial response 2 months
post-dendritic cell immunotherapy and before any adjuvant
chemotherapy (Fig. 2B), and essentially stable disease at 58
months after initial diagnosis. Interestingly, she is currently
alive with no clinical or MRI evidence of tumor recurrence after

almost 5 years of follow-up. Although admittedly a select
population of patients, the prolonged survival times observed
and the immunologic responses obtained in some of these
patients support the possibility of an immune-related effect on
tumor control.

Systemic antitumor immune responses to dendritic cell vacci-
nation. Systemic tumor-specific cytotoxicity against autolo-
gous tumor cells was determined for all patients in this study
using conventional CTL assays. Purified CD3" T cells were
tested for de novo cytotoxicity without restimulation in vitro.
Blocking mAb against B,-microglobulin was added to replicate
wells to confirm the MHC-restricted nature of any observed
CTL lytic activity. Six patients without preexisting peripheral
CTL activity developed peripheral tumor-specific CTL activity
post-vaccination (Fig. 3; Table 2).

Whereas the patients who developed systemic antitumor
cytotoxicity had significantly longer survival than those who
did not (P = 0.04), this survival difference also correlated with
the presence or absence of tumor progression at the time of
dendritic cell vaccination. The development of a positive CTL
response was negatively associated with active progressive
disease (as measured by brain MRI). 100% (six of six) of
patients who generated positive CTL responses had stable/
minimal residual disease burden (stable gross residual disease
or no measurable residual disease) at the time of dendritic cell
vaccination. Conversely, for the five patients who were
experiencing active tumor progression at the time of vaccina-
tion, none (zero of five) developed statistically significant cell-
mediated CTL responses. These data suggest that glioblastoma
multiforme patients with active tumor progression/recurrence
may have an impaired ability to mount cellular antitumor

Fig. 2. Objective clinical response of a
glioblastoma multiforme patient treated with
5 x 10° peptide-pulsed dendritic cells. Brain
MRI scan of patient 5. Axial T2-weighed,
axial, and coronal contrast-enhanced
T1-weighed MRI scans were done
immediately before dendritic cell injections
(A) and 2 months after completion of
peptide-pulsed dendritic cell vaccine series
(B), before any adjuvant chemotherapy.
Note area of T2 abnormality (arrow, top left)
and contrast-enhancing tumor (arrow, top
right), which resolved following dendritic
cell immunotherapy.
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Fig. 3. Peripheral CTL responses to autologous peptide-pulsed dendritic cells.
Peripheral blood mononuclear cells from day —14 pretreatment (4) and day

35 post-vaccine (B) time points tested for de novo cytotoxity against irradiated,
autologous tumor cells in an Alamar blue CTL assay. A, representative negative CTL
data from a patient who experienced continued tumor progression during the course
of treatment (patient 12). The CTL response was not significantly different in the
prevaccine and post-vaccine lines. B, representative positive induction of CTL
response in patient 6, who did not have any evidence of disease progression for over
14 months after dendritic cell vaccination. MHC-specific antitumor cytotoxicity was
generated, which could be specifically blocked by anti- 3,-microglobulin mAb (@).
All assays were done in triplicate.

immune responses, a finding that has been observed previ-
ously (33, 34).

Intracranial T-cell infiltration associated with prolonged
survival. The accumulation of tumor-specific T cells locally
within tumors has been associated with positive clinical
responses in gliomas and other cancers (35-37). We
therefore investigated whether induced systemic CTL
responses could access the CNS to infiltrate intracranial
tumors and whether such intratumoral T-cell infiltration
correlated with clinical survival. Eight patients who developed
new areas of contrast enhancement on follow-up MRI scans
underwent surgical resection/biopsy at some point following
dendritic cell vaccination. Four of these patients survived >30
months, whereas three patients died within <12 months of
surgical diagnosis. In the reoperated patients with >30-month
survival (patients 1, 3, 4, and 9), there was a robust
infiltration of CD3" tumor-infiltrating lymphocytes (TIL) in
the specimens at reoperation that was not present in the
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tumor tissues obtained from the same patients before dendritic
cell treatment. The majority of these TIL were CD8*/CD45RO*
memory T cells, with lesser numbers of CD4" helper T cells
(Fig. 4A and B). In the tumors from patients who died from
tumor progression within 1 year (patients 2, 7, and 12), there
were no differences in the numbers of infiltrating T cells in
the surgical specimens taken from before and after dendritic
cell vaccination (Fig. 4C). Specimens from six control patients
who did not receive dendritic cell immunotherapy also
showed no significant difference in T-cell staining at initial
surgery when compared with their reoperation specimens
(Fig. 4D).

Similar to our findings with respect to systemic CTL
responses, the immunohistochemical detection of enhanced
TIL accumulation was associated with the disease status at the
time of dendritic cell vaccination. Four of four (100%) patients
who showed evidence for increased TIL in the resected tumors
had dendritic cell vaccinations during a time of minimal tumor
burden, whereas the patients (three of three) who did not show
any detectable increase of TIL were experiencing active tumor
progression before the course of dendritic cell vaccination.
These data suggest that active tumor recurrence and/or bulky
residual tumor may negatively influence the ability of T
lymphocytes to accumulate within the local tumor microenvi-
ronment, which could be associated with decreased clinical
benefit from dendritic cell vaccination.

Decreased tumor-associated expression of transforming growth
factor-3, correlates with prolonged survival. To better elucidate
features of the tumor environment that might predict clinical
response to dendritic cell-based vaccination, we tested
whether the local accumulation of T cells within gliomas
was associated with the secretion of immunosuppressive
cytokines by the tumors. Tumors from our patients were
studied for their expression of TGF-, and IL-10 by reverse
transcription-PCR and immunohistochemistry. Although our
sample size is small, patients that had detectable TIL (patients
1, 3, 4, and 9) also showed quantitatively lower expression of
TGFp, in tumor samples taken before and after dendritic cell
vaccination (Fig. 5). All these patients also had relatively
prolonged survival (>30 months) compared with those with
higher TGF-B, expression. On the other hand, there was no
obvious correlation between the expression of IL-10 and the
infiltration of T lymphocytes within the resected tumors (data
not shown). These data suggest that the secretion of TGF-B,
within the local tumor microenvironment may contribute to
the inability of TIL to significantly accumulate within CNS
gliomas. This, in turn, may negatively influence the ability to
mount a clinically relevant local antitumor immune response
in brain cancer patients.

Discussion

In this phase I study, we report the safety, feasibility, and
bioactivity of a vaccine comprised of autologous dendritic
cells exogenously pulsed with peptides acid eluted from the
surface of glioblastoma multiforme cells following surgical
resection. Our results showed that the methods for producing
and administering this dendritic cell vaccine were feasible
and safe in newly diagnosed and recurrent glioblastoma
multiforme patients, with no evidence of autoimmune
complications observed over a follow-up period of almost
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5 years. The treatment was tolerated well, with only minor
toxicities (National Cancer Institute grades 1-2). Furthermore,
we also showed that it is feasible to treat glioblastoma
multiforme patients with up to 1 x 107 dendritic cells pulsed
with autologous acid-eluted peptides, although the highest
dose caused practical difficulties for some patients. Two
patients received only one of the total of three scheduled
vaccinations due to difficulty getting enough HLA-DR*/CD-
14~ dendritic cells for all three injections at the highest
doses.

Six of the 12 patients developed measurable peripheral
antitumor T-cell responses, although there was no significant
difference in the magnitude of CTL responses among the
three dendritic cell dose cohorts tested. Given that no
important differences in immune response were seen among
the doses, we have no objective evidence to conclude that
higher dendritic cell doses are needed, particularly given the
practical difficulties of getting enough cells at the highest
dose from a single leukapheresis. In the 5 years since this
trial was started, we believe that it may be the ratio of tumor
peptides to dendritic cells that will be important in future
vaccination strategies rather than the absolute number of
dendritic cell itself.

One of our patients had MRI evidence of an objective clinical
response, which correlated with a robust tumor-specific
immune response by CTL assay. However, for the majority of
subjects, the detection of CTL responses in the peripheral blood
of immunized patients paradoxically was not in itself predictive
of objective clinical response and/or prolonged survival.
Studies in recent years have begun to dissect out the apparent
dichotomy between peripheral CTL and clinical responsiveness
(38). It is now appreciated that the systemic peripheral blood
antitumor response does not necessarily translate to vaccine-
induced responses within the tumor (39, 40). The inability of
traditional CTL data to correlate with clinical outcome in this
trial and others (10, 40) prompted us to search for alternative

surrogate variables of vaccine responsiveness and/or predictors
of subgroups of glioblastoma multiforme patients that may
most likely respond to immune-based therapies.

In preclinical animal models of experimental intracranial
gliomas, we have previously shown that active immunotherapy
with dendritic cell -based vaccines is associated with increased
CNS T-cell infiltration and prolonged survival (7, 41). Other
investigators have reported that the localization of tumor-
specific T cells at the tumor site is often a requirement for
regression of systemic tumors (42) and even CNS tumors (43).
In this clinical trial, we also observed dramatic intratumoral
infiltration of CD8" and CD4" CTL in some patients following
dendritic cell vaccination. However, whether or not the lym-
phocytes found in the tumor specimens from our vaccinated
patients were exerting an actual antitumor effect cannot be
determined by our current results, as these TILs may be
functionally compromised. To definitively determine whether
these TILs have clear antiglioma activity, subsequent studies are
currently under way to generate tumor-specific human T-
lymphocyte lines from the TILs within the clinical tumor
specimens collected from our vaccinated patients. Nevertheless,
there was a significant correlation between intracranial T-cell
infiltration within the local tumor environment and prolonged
survival in our trial patients (P = 0.047), suggesting potential
functional activity.

The presence of TIL in only a subset of the dendritic cell -
vaccinated patients led us to postulate that the local CNS/
tumor microenvironment may modulate immune responsive-
ness and provide insight into possible factors that can
differentiate subgroups of glioblastoma multiforme patients
who will most likely benefit from immune-based therapies.
Immunomodulatory factors secreted by gliomas, such as
TGFpB,, PGE,, and IL-10, are known to negatively influence
T-cell functions (44, 45). In our study, intratumoral infiltra-
tion of T lymphocytes was negatively correlated with the
expression of the immunosuppressive factor TGF-§3,. TGF-B, is

Table 2. Summary of immunologic and clinical data
Patient Dendritic Tumor status at 1 Systemic TGF-3, Intracranial TTP (mo) Overall
subject cell dose initiation of dendritic  CTL activity* expression” T-cell infiltration® survival (mo)
no. (x108) cell treatment (post-vaccination)
1 1 ND + 1.68 +4+++ 181 30.2
2 1 PD - 5.78 — 8.4 114
3 1 ND + 0.66 +++ 27 38.9
4 5 SD + 1.08 +++ 19.9 35.8
5 5 SD + 0.25 NA No progression »568.0
6 5 SD + 1.89 NA 14.5 25.6
7 10 PD — 5.63 - 6.6 11.9
8 10 SD - 2.54 + 16.5 21.2
9 10 ND + 0.32 +4+++ 28.5 »48.4
10 10 PD — 316 NA 9.1 18.0
1 10 PD - 2.33 NA 5.7 12.0
12 10 PD — 6.88 - 3.2 73
Abbreviations: SD, stable disease; PD, progressive disease; ND, no measurable disease; NA, not available because no surgery was done post-vaccination.
*“Positive” CTL response was set as % specific lysis post-vaccine (d 35) »2Xx magnitude of % specific lysis pre-vaccine (d —14) at two or more E/Tratios.
+TGF-p, expression is presented as quantitative units relative to primer controls and normalized to glyceraldehyde-3-phosphate dehydrogenase expression.
+Scored by semiquantitative assessment of number of CD8" TLs.

Clin Cancer Res 2005;11(15) August1, 2005

5522

www.aacrjournals.org



Dendritic Cell Vaccination for Glioblastoma Patients

Pre-vaccine

.

Fig. 4. Increased infiltration of T
lymphocytes into glioblastoma multiforme f :
after dendritic cell vaccination. -
Immunohistochemical characterization of 2
infiltrating T cells in intracranial tumor at
initial surgery, before vaccination
(pre-vaccination) and at reoperation

after dendritic cell vaccination
(post-vaccination). Of the eight patients
in the trial who underwent reoperation for
tumor progression after dendritic cell
vaccination, four patients (patients 7, 3, 4,
and 9) with prolonged survival

(=2.5 years) tended to have increased

cD4

intratumoral infiltration of CD45RO™ Q08
memory T cells, CD4" helper T cells, and
CD8" cytotoxic T cells at reoperation C

post-vaccination (patients 1 and 3, seen in P.re-\_laccme
A and B), while the two patients g .
(patients 2, 7, and 12) with shorter
survival times (<1 year) had no
discernable increase in T-cell infiltration
following dendritic cell vaccination
(patient 2, seen in C). Control patients
who did not receive dendritic cell
immunotherapy also showed no
significant difference in T-cell staining at
initial surgery versus reoperation (D).
Immunoperoxidase method, H&E
counterstain. Original magnification,
%200.

cp4

CD8

CD8 .

CD45RO
. CD4 CD4
cD8 cDs

Post-vaccine

-

Post-vaccine Pre-vaccine

Post-vaccine Initial Tumor Re-operation

. CD45RO. -

a multifunctional cytokine that is intimately involved in the
suppression of antitumor immune surveillance (46, 47). Like
increased TIL, decreased expression of TGF-p, has previously
been associated with improved survival in glioblastoma
multiforme patients (37). To our knowledge, this is the first
clinical study to directly correlate the findings of decreased TIL
with increased TGF-@, in the same human glioma specimens
during an active immunotherapy protocol. Collectively, we
found that increased intracranial T-cell infiltration and/or low
levels of immunosuppressive TGF-B, cytokine expression
within the local tumor environment may be prerequisites for
antitumor efficacy in response to our vaccination strategy. In
the future, with advances in the detection of prognostic
biomarkers and new developments in molecular/cellular
immunoimaging (42), these potentially important predictive
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factors of vaccine responsiveness could conceivably be
determined noninvasively via cerebral spinal fluid sampling
and/or in vivo neuroimaging techniques.

By virtue of its immunomodulatory properties, there has
recently been renewed interest in targeting TGF-p in experi-
mental therapies of human malignant glioma, with several new
small molecule inhibitors of TGF-B receptors that are currently
being used in preclinical studies (46, 48). Our results suggest
promise for using such TGF-p inhibitors in conjunction with
active dendritic cell vaccination strategies for possibly synergis-
tic antitumor effect. Unlike the up-regulation of TGF-£,,
however, we did not find any correlation between IL-10
expression and survival.

Regarding the clinical outcome of our vaccinated patients,
the number of patients entered into this study was not
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Fig. 5. TGF-p, expression in glioblastoma
multiforme tumor specimens. A, analysis of
TGF-32 mRNA in tumor tissues isolated
from glioblastoma multiforme patients
enrolled in the trial. Of note, samples with
little or no detectable TGF- 3, expression
(lanes 1, 3,4, 5, and 9) were associated with
patients with positive CTL responses,
increased CNS T-cell infiltration, and/or
prolonged survival (>2.5 years) following
dendritic cell — based vaccination.

(Lane numbers correspond to patient
numbers inTable 2). Imnmunohistochemistry
analysis showing (B) positive cytoplasmic
TGF- B, protein expression (arrows) in
tumor specimen from nonresponder
(patient 2, overall survival = 11.4 months),
compared with (C) negative TGF-p, protein
expression in tumor sample from potential
responder (patient 3, overall survival = 38.9
months). In the TGF-3,-negative tumor
samples, adjacent paraffin-embedded
sections were stained forTcells and found to
be infiltrated by CD8*/CD45RO™ TIL.
Immunoperoxidase method, hematoxylin
counterstain. Original magnification, X400.

powered to statistically measure efficacy. Nevertheless, the
observed 50% 2-year overall survival rate is high, even when
compared with the best prognostic groups using recursive
partitioning analysis classification for glioblastoma survival
(age <50 years and Karnofsky performance score of >90). In
our study, two patients (patients 5 and 9) are still alive to
date and are out to >58.0 and >48.4 months, respectively.
For these two long-term survivors, temozolamide (Temodar)
was used adjunctively, as patients were allowed to continue
with conventional chemotherapy after completion of the
dendritic cell injections. Recent evidence has suggested a
potential role for temozolamide in synergizing with immu-
notherapy strategies by either selecting for CD8" T-cell
receptor excision circles (a marker of recent thymic
emigrants) or selectively depleting CD4"/CD25" T regulatory
cells (49).

As with other trials for glioblastoma, age was a prognostic
indicator in our cohort of patients. The patients who had
longer survival and CNS T-cell responses tended to be
younger than those who did not. Recent findings that the
reduced thymic T-cell output that accompanies aging is
associated with impaired antitumor immunity in glioblasto-
ma patients (50) also support our observation that younger
patients may be more likely to develop enhanced migration
of tumor-specific T cells into tumors after dendritic cell
vaccination.

In our study patients, the ability to elicit a systemic CTL
response was negatively correlated with disease burden, as none
of the patients with active disease progression at the time of
denderitic cell vaccination showed the induction of specific cell-
mediated antitumor responses via in vitro CTL assays. Further-
more, only those patients whose brain tumors expressed low
levels of TGF-B, were able to show intratumoral T-cell
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accumulation and/or objective clinical response. Our data
suggest that patients with active bulky tumor residual/progres-
sion and elevated TGF-{3, secretion may harbor greater systemic
immune dysfunction, as well as a more profound immuno-
suppressive milieu within the CNS tumor microenvironment,
which may limit the ability of dendritic cell vaccination to
induce systemic CTL responses and/or generate local CNS T-cell
antitumor responses. The local accumulation of CNS TIL at
reoperation correlated better with survival than the magnitude
of the systemic CTL response, suggesting that infiltration of
brain tumors by systemically activated CTL may be required for
antitumor efficacy (43).

Overall, these results could have major implications for
patient selection in future studies using immunotherapy for
brain tumors. Our data provide further evidence on the
feasibility, safety, and in wvivo bioactivity of autologous
peptide-pulsed dendritic cells in patients with glioblastoma
multiforme. Although some prolonged survival times have
been observed in this select population of patients, proof of
clinical benefit remains to be established in future multicenter
phase II clinical trials. Nevertheless, this trial provides useful
information for future trial design. As with any other targeted
treatment modality for glioblastoma, immunotherapy may
have potential clinical efficacy if given to the appropriate
subgroup of patients and/or if given in combination with
other immune pathway modulators, such as TGF-p antago-
nists. The results of our current and ongoing clinical trials
will hopefully help to define which subgroups of patients
may respond to tumor vaccination strategies, which in turn
would lead to further optimization and refinements of
dendritic cell-based immunotherapy with the ultimate goal
of developing novel therapeutic vaccines for brain cancer
patients.

www.aacrjournals.org



Dendritic Cell Vaccination for Glioblastoma Patients

References

1. Preston-Martin S, Davis F, McKean-Cowdin R.
Epidemiology of primary brain tumors. In: Liau LM,
Becker DP, Cloughesy TF, Bigner DD. Brain tumor
immunotherapy. Totowa: Humana Press; 2001.
p.47-72.

2. Schneider T, Gerhards R, Kirches E, Firsching R. Pre-
liminary results of active specific immunization with
modified tumor cell vaccine in glioblastoma multi-
forme. J Neurooncol 2001,53:39-46.

3. Okada H, Attanucci J, Giezeman-Smits KM, et al. Im-
munization with an antigen identified by cytokine tu-
mor vaccine-assisted SEREX (CAS) suppressed
growth of the rat 9L glioma /n vivo. Cancer Res 2001;
61:2625-31.

4. Friese MA, Platten M, Lutz SZ, et al. MICA/NKG2D-
mediated immunogene therapy of experimental glio-
mas. Cancer Res 2003;63:8996-9006.

5. Plautz GE, Miller DW, Barnett GH, et al. Tcell adoptive
immunotherapy of newly diagnosed gliomas. Clin
Cancer Res 2000;6:2209-18.

6. Plautz GE, Mukai S, Cohen PA, Shu S. Cross-
presentation of tumor antigens to effector T cells is
sufficient to mediate effective immunotherapy of
established intracranial tumors. J Immunol 2000;165:
3656-62.

7. Liau LM, Black KL, Prins RM, et al. Treatment of intra-
cranial gliomas with bone marrow-derived dendritic
cells pulsed with tumor antigens. J Neurosurg 1999;
90:1115-24.

8. Caruso DA, Orme LM, Neale AM, et al. Results of a
phase 1study utilizing monocyte-derived dendritic cells
pulsed with tumor RNA in children and young adults
with brain cancer. Neuro-oncol 2004;6:236-46.

9. Heimberger AB, Archer GE, Crotty LE, et al. Dendritic
cells pulsed with a tumor-specific peptide induce
long-lasting immunity and are effective against mu-
rine intracerebral melanoma. Neurosurgery 2002;50:
158-64.

10. Yu JS, Wheeler CJ, Zeltzer PM, et al. Vaccination of
malignant glioma patients with peptide-pulsed den-
dritic cells elicits systemic cytotoxicity and intracranial
T-cell infiltration. Cancer Res 2001,61:842-7.

11. Yu JS, Liu G, Ying H, et al. Vaccination with tumor
lysate-pulsed dendritic cells elicits antigen-specific,
cytotoxic T-cells in patients with malignant glioma.
Cancer Res 2004,64:4973-9.

12. Soling A, Rainov NG. Dendritic cell therapy of prima-
ry brain tumors. Mol Med 2001,7:659-67.

13. Banchereau J, Palucka AK, Dhodapkar M, et al.
Immune and clinical responses in patients with meta-
static melanoma to CD34(+) progenitor-derived
dendritic cell vaccine. Cancer Res 2001,61:6451 8.

14. Butterfield LH, Ribas A, Dissette VB, et al. Determi-
nant spreading associated with clinical response in
dendritic cell-based immunotherapy for malignant
melanoma. Clin Cancer Res 2003;9:998-1008.

15. Fong L, Hou, Rivas A, et al. Altered peptide ligand
vaccination with Fit3 ligand expanded dendritic cells
for tumor immunotherapy. Proc Natl Acad Sci US A
2001,98:8809-14.

16. Nestle FO, Banchereau J, Hart D. Dendritic cells: on
the move from bench to bedside. Nat Med 2001;7:
761-5.

17. Heiser A, Coleman D, Dannull J, et al. Autologous
dendritic cells transfected with prostate-specific an-
tigen RNA stimulate CTL responses against meta-

wwWw.aacrjournals.org

static prostate tumors. J Clin Invest 2002;109:
409-17.

18. Broder H, Anderson A, Kremen TJ, Odesa SK,
Liau LM. MART-1 adenovirus-transduced dendritic
cell immunization in a murine model of metastatic
central nervous system tumor. J Neurooncol 2003;
64:21-30.

19. Insug O, Ku G, Ertl HC, Blaszczyk-Thurin M. A den-
dritic cell vaccine induces protective immunity to intra-
cranial growth of glioma. Anticancer Res 2002;22:
613-21.

20. Prins RM, Odesa SK, Liau LM. Immunotherapeutic
targeting of shared melanoma-associated antigens in a
murine glioma model. Cancer Res 2003;63:8487-91.

21. Kobayashi T, Yamanaka R, Homma J, et al. Tumor
mRNA-loaded dendritic cells elicit tumor-specific
CD8(+) cytotoxicTcells in patients with malignant gli-
oma. Cancer Immunol Immunother 2003;52:632-7.

22. Yamanaka R, AbeT, Yajima N, et al. Vaccination of
recurrent glioma patients with tumour lysate-pulsed
dendritic cells elicits immune responses: results of a
clinical phase I/Il trial. BrJ Cancer 2003;89:1172-9.

23. KikuchiT, Akasaki, Irie M, et al. Results of a phase |
clinical trial of vaccination of glioma patients with
fusions of dendritic and glioma cells. Cancer Immunol
Immunother 2001,50:337-44.

24. KikuchiT, AkasakiY, AbeT, et al. Vaccination of glio-
ma patients with fusions of dendritic and glioma cells
and recombinant human interleukin-12. J Immunother
2004;27:452-9.

25. De Vleeschouwer S,Van Calenbergh F, Demaerel P,
et al. Transient local response and persistent tumor
control in a child with recurrent malignant glioma:
treatment with combination therapy including dendrit-
ic cell therapy. J Neurosurg 2004;100:492-7.

26. Kiertscher SM, Roth MD. Human CD14+ leukocytes
acquire the phenotype and function of antigen-
presenting dendritic cells when cultured in GM-CSF
and IL-4. J Leukoc Biol 1996;59:208-18.

27. Liau LM, Lallone RL, Seitz RS, et al. Identification of
a human glioma-associated growth factor gene, gran-
ulin, using differential immuno-absorption. Cancer Res
2000;60:1353-60.

28. Yang |, Kremen TJ, Giovannone AJ, et al. Modula-
tion of major histocompatibility complex class | mole-
cules and major histocompatibility complex-bound
immunogenic peptides induced by interferon-a and
interferon-v treatment of human glioblastoma muilti-
forme. J Neurosurg 2004;100:310-9.

29. Storkus WJ, Zeh HJ lll, Salter RD, Lotze MT. Iden-
tification of T-cell epitopes: rapid isolation of class
|-presented peptides from viable cells by mild acid
elution. J Immunother 1993;14:94-103.

30. Nociari MM, Shalev A, Benias P, Russo C. A novel
one-step, highly sensitive fluorometric assay to evalu-
ate cell-mediated cytotoxicity. J Immunol Methods
1998;213:157-67.

31. Mohty M, Stoppa AM, Blaise D, et al. Differential
regulation of dendritic cell function by the immuno-
modulatory drug thalidomide. J Leukoc Biol 2002;72:
939-45.

32. Chen B, Stiff P, Sloan G, et al. Replicative response,
immunophenotype, and functional activity of
monocyte-derived versus CD34 (+)-derived dendritic
cells following exposure to various expansion and mat-
urational stimuli. Clin Immunol 2001,98:280-92.

5525

33. Prins RM, Liau LM. Immunology and immunother-
apy in neurosurgical disease. Neurosurgery 2003;53:
144-53.

34. Dix AR, Brooks WH, RoszmanTL, Morford LA. Im-
mune defects observed in patients with primary ma-
lignant brain tumors. J Neuroimmunol 1999;100:
216-32.

35. Dudley ME,Wunderlich JR, Robbins PF, et al. Cancer
regression and autoimmunity in patients after clonal
repopulation with antitumor lymphocytes. Science
2002;298:850-4.

36. Steiner HH, Bonsanto MM, Beckhove P, et al. Anti-
tumor vaccination of patients with glioblastoma multi-
forme: a pilot study to assess feasibility, safety, and
clinical benefit. J Clin Oncol 2004;22:4272-81.

37. Yang L, Ng KY, Lillehei KO. Cell-mediated immuno-
therapy: a new approach to the treatment of malignant
glioma. Cancer Control 2003;10:138—-47.

38. Mocellin S, Rossi CR, Nitti D, Lise M, Marincola FM.
Dissecting tumor responsiveness to immunotherapy:
the experience of peptide-based melanoma vaccines.
Biochim Biophys Acta 2003;1653:61 -71.

39. Nielsen MB, MonsurroV, Migueles SA, et al. Status
of activation of circulating vaccine-elicited CD8+ T
cells. J Immunol 2000;165:2287 —-96.

40. Nielsen MB, Marincola FM. Melanoma vaccines: the
paradox of T cell activation without clinical response.
Cancer Chemother Pharmacol 2000;46:5S62—6.

41. Liau LM, Jensen ER, KremenTJ, et al. Tumor immu-
nity within the central nervous system stimulated by
recombinant Listeria monocytogenes vaccination.
Cancer Res 2002;62:2287-93.

42. Dubey P, Su H, Adonai N, et al. Quantitative imaging
of the T cell antitumor response by positron-emission
tomography. Proc Natl Acad Sci U S A 2003;100:
1232-7.

43. Mukai S, Kjaergaard J, Shu S, Plautz GE. Infiltration
of tumors by systemically transferred tumor-reactive
T lymphocytes is required for antitumor efficacy.
Cancer Res 1999;59:5245-9.

44. Prins RM, Incardona F, Lau R, et al. Characterization
of defective CD4—CD8— Tcells in murine tumors gen-
erated independent of antigen specificity. J Immunol
2004;172:1602-11.

45. Prins RM, Liau LM. Cellular immunity and immu-
notherapy of brain tumors. Front Biosci 2004;9:
3124-36.

46. Platten M, Wick W, Weller M. Malignant glioma bi-
ology: role for TGF-{3 in growth, motility, angiogene-
sis, and immune escape. Microsc Res Tech 2001,52:
401-10.

47. Weller M, Wick W, Platten M. Role of TGF-p in onco-
genesis. Microsc ResTech 2001,52:353.

48. Hjelmeland MD, Hjelmeland AB, Sathornsumetee S,
et al. SB-431542, a small molecule transforming
growth factor-p-receptor antagonist, inhibits human
glioma cell line proliferation and motility. Mol Cancer
Ther 2004;3:737-45.

49. Wheeler CJ, Das A, Liu G, Yu JS, Black KL. Clinical
responsiveness of glioblastoma multiforme to chemo-
therapy after vaccination. Clin Cancer Res 2004;10:
5316-26.

50. Prins RM, Graf MR, Merchant RE, Black KL, Wheeler
CJ. Thymic function and output of recent thymic emi-
grant T cells during intracranial glioma progression.
J Neurooncol 2003;64:45-54.

Clin Cancer Res 2005;11(15) August1, 2005



