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Summary
Patients with glioblastoma multiforme (GBM) are profoundly immunosuppressed and may benefit
from restoration of an antitumor immune response in combination with conventional radiation
therapy and temozolomide (TMZ). The optimal strategies to evaluate clinically relevant immune
responses to treatment have yet to be determined. The primary objective of our study was to
determine immunologic response to cervical intranodal vaccination with autologous tumor lysate-
loaded dendritic cells (DCs) in patients with GBM after radiation therapy and TMZ. We used a
novel hierarchical clustering analysis of immune parameters measured before and after
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vaccination. Secondary objectives were to assess treatment feasibility and to correlate immune
response with progression-free survival (PFS) and overall survival. Ten eligible patients received
vaccination. Tumor-specific cytotoxic T-cell response measured after vaccination was enhanced
for the precursor frequency of CD4+ T and CD4+ interferon γ-producing cells. Hierarchical
clustering analysis of multiple functional outcomes discerned 2 groups of patients according to
their immune response, and additionally showed that patients in the top quintile for at least one
immune function parameter had improved survival. There were no serious adverse events related
to DC vaccination. All patients were alive at 6 months after diagnosis and the 6-month PFS was
90%. The median PFS was 9.5 months and overall survival was 28 months. In patients with GBM,
immune therapy with DC vaccination after radiation and TMZ resulted in tumor-specific immune
responses that were associated with prolonged survival. Our data suggest that DC vaccination in
combination with radiation and chemotherapy in patients with GBM is feasible, safe, and may
induce tumor-specific immune responses.
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The median overall survival (OS) after diagnosis of glioblastoma multiforme (GBM) treated
with surgery and radiation therapy (RT) is 12.1 months, improving to approximately 14.6
months with the addition of temozolomide (TMZ).1 Patients with GBM exhibit a
systemically impaired immune response and pathologic examination shows, in most cases,
little tumor-associated inflammatory infiltrate, suggesting that immune suppression plays a
pivotal role in tumor progression. Lack of immune recognition of GBM may also be due to
chemotherapy, limited access of immune cells to the central nervous system, and regulatory
pathways. Thus, initial attempts to use immune therapies in patients with GBM have had
marginal success.2–7

We designed a study to test the hypothesis that diminishing the activity of regulatory T cells
(TREG) and improving immune cell access to the central nervous system would enhance
response to immune therapy and consequently affect survival of patients with GBM. TMZ
therapy and RT selectively reduce CD4+ T cells, the cell population that includes TREG,8,9

possibly minimizing their negative effects on immune therapy. Earlier studies showed that
ex vivo exposure of dendritic cells (DCs) to prostaglandin E2 (PGE2) and tumor necrosis
factor α (TNFα) contributed to maturation and induced high levels of interleukin 12 (IL-12)
and immune activation.10,11 Animal and human data suggest that injecting DCs intranodally
improves antitumor activity, probably by enhancing interactions between antigen-presenting
cells and T cells.12,13 As the brain per se has no recognized lymphatic drainage, it is thought
that the outflow of antigens and DCs escape along the cranial nerve sheets into the nasal
lymphatics and drain into the cervical lymph nodes.14–17 In an animal model, it has been
shown that antigen-pulsed DCs injected into the brain migrate to the cervical lymph nodes
and recruit antigen-specific T cells with preferential homing to the brain.18 Accordingly, we
chose to assess the potential benefit and safety of incorporating these strategies into the
conventional treatment schema.

Earlier studies with therapeutic DC vaccinations have confirmed immune activation against
GBM tumors and suggest an improvement in survival, but do not uniformly show a
correlation between survival and immune response. 4–6,19,20 We hypothesized that in
patients with newly diagnosed GBM, the combination of RT, TMZ, and cervical intranodal
vaccination with autologous tumor lysate-loaded DCs matured ex vivo with PGE2 and
TNFα would elicit a positive tumor-specific immunologic response. We used hierarchical
cluster analysis of multiple immune function assay measures to evaluate the complex
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immune response in these patients, and examined whether these combined immune
parameters correlated with clinical outcome.

MATERIALS AND METHODS
Patient Eligibility Criteria

To participate in this trial, patients must have been ≥18 years, able to undergo surgical
resection for newly diagnosed GBM confirmed by neuropathology review, and have a
resected tumor yield ≥8×107 tumor cells, after mechanical and enzymatic digestion of tumor
tissue. After completing 6 weeks of conformal external beam RT (66 Gy in 33 fractions)
with concomitant TMZ at 75 mg/m2/d, patients with a Karnofsky Performance Scale Index
of ≥60, and adequate hematologic, hepatic, and renal function were eligible. Patients who
had received systemic corticosteroids within 2 weeks of leukapheresis; had a history of
autoimmune disease, HIV, hepatitis B or C infection; or had any other medical disorder that
would impair their ability to receive study treatment were excluded. Eligible patients gave
signed informed consent before enrollment. The study was approved by the Dartmouth
College Committee for the Protection of Human Subjects, and the Food and Drug
Administration (BB-IND 12903 and BB-IND 11162).

Vaccine Preparation and Administration
Tumor cells were isolated from surgical resection specimens by mechanical and enzymatic
digestion and cryopreserved at −140°C as previously reported (BB-IND 11162).21

Mechanically prepared tumor cells were used for delayed-type hypersensitivity (DTH) tests.
Tumor lysates were prepared for DC loading by irradiation (100 Gy) and freeze/thaw (5
cycles), and stored at −20°C. Three to seven weeks after completing 6 weeks of radiotherapy
with concomitant daily TMZ, we obtained peripheral blood mononuclear cells from patients
through leukapheresis and fractionated the product using elutriation. Monocyte-derived DCs
were lysate loaded on day 5 of culture, matured with overnight treatment of TNFα and
PGE2, and harvested on day 7 (DC vaccine).22 Lymphocytes fractionated from this
apheresis product were the prevaccine (D-7) cells used for immune assays.

The total dose of 1×107 DC cells was injected in equal aliquots into 2 bilateral cervical
lymph nodes using ultrasound guidance.21 Evaluable patients received 1 vaccination every 2
weeks on 3 occasions. Patients remained off systemic corticosteroids until the second
leukapheresis after the third vaccination (postvaccine D42).

Delayed-type Hypersensitivity
Irradiated mechanically dissociated tumor cells were injected intradermally with a standard
anergy panel in the forearm. Forty-eight hours later, DTH was assessed by measuring the
area of erythema and induration using 2-dimensional measurements using calipers. A DTH
reaction was considered positive if the area of erythema and induration was greater or equal
to 10mm2.

Immunologic Assays
Tumor-specific cytotoxic T-cell response was measured by the dye dilution proliferation
assay (DDPA)23,24 and interferon γ (IFNγ) enzyme-linked immunosorbent spot (ELISPOT)
assay performed on prevaccination and postvaccination lymphocytes fractionated from
apheresis product. The DDPA enabled us to simultaneously measure (1) T-cell proliferation,
(2) precursor frequency (PF) (the proportion of cells in the parent population responding to
GBM), (3) phenotype (CD4, CD8) of the responding T cells, and (4) T lymphocyte secretion
of IFNγ after restimulation of T cells with freshly added DCs during the final 18 hours of
coculture. The DDPA assay has been described and validated in comparison with tetramer
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and ELISPOT assays.23,25,26 The intra-assay coefficient of variation for tumor-specific PF
values was 10%, and both time points from any one patient were tested in the same assay to
eliminate interassay variation from the assessment of treatment-related changes.

A restimulation variation of the standard overnight ELISPOT assay was used to measure
tumor-specific IFNγ production by lymphocytes. Prevaccination and postvaccination
lymphocytes were cocultured with unloaded and GBM autologous lysate-loaded DCs (10:1)
in the presence of IL-12 and IL-2 for 6 days before lymphocytes were harvested, washed,
and plated for an overnight IFNγ capture assay with freshly added DCs. Each treatment
condition was tested in triplicate, and both time points for each patient were tested
simultaneously. The intra-assay coefficient of variation was 9% (range: 1% – 22%), and
proficiency for ELISPOT by our Immune Monitoring Laboratory compared well with 36
reference laboratories participating in a panel conducted by the Cancer Vaccine
Consortium.27

Other immunologic parameters measured before and after vaccination included phenotypic
characteristics of vaccine DCs and peripheral blood T cells by flow cytometry. Phenotypic
characteristics of peripheral blood T cells were also examined in a sample obtained after
surgery but before RT and TMZ.

Clinical and Magnetic Resonance Imaging Evaluations
We monitored patients for adverse events at each visit and observed them for 2 hours after
intranodal injections. Toxicities were graded using the Common Terminology Criteria for
Adverse Events (version 3.0) and Common Toxicity Criteria (version 3.0). All patients had a
magnetic resonance imaging (MRI) scan before and after completing therapy. Total tumor
resection was defined as the absence of enhancement on postoperative MRI done within 48
hours after surgery. Subtotal resection was defined as removal of more than 90% of
enhancing volume. Partial resection was defined as removal of 90% or less of enhancing
volume. MRI tumor assessment was performed by an independent operator at the Brain
Imaging Laboratory and tumor volumes were traced on the postgadolinium T1 scans using a
semiautomated segmentation program based on a Sobel watershed filter (Alice, version
4.4.9, Parexel International Co., 1999). Approximately 4 weeks after vaccination, patients
received maintenance cycles of TMZ1 for 12 cycles, unless the medication had to be stopped
because of toxicity or tumor progression. Patients had MRI scans every 2 months to follow
the effects of treatment on tumor volume. Progression-free survival was defined as the time
from diagnosis until the patient reached objective disease progression.28 Survival was
defined in the typical manner for patients with GBM as the time from diagnosis to death due
to any cause. We censored patients without documented progression from their last objective
tumor assessment, and followed all patients until death or for a minimum of 24 months after
diagnosis (Fig. 1).

Statistical Methods
Sample size calculation of 10 participants was based on the detection of a positive tumor
DTH reactivity postvaccine therapy in 30% of the patients with a power of 80% and at 5%
significance level. Median values for measurements of tumor-specific T-cell response from
the DDPA and ELISPOT assays for day −7 (prevaccine) and day 42 (postvaccine) were
compared using Wilcoxon signed-rank tests. As 5 primary comparisons were presented,
statistical significance was defined as P<0.01 2-sided after Bonferroni correction. In a
descriptive analysis, we visualized patterns of response in heatmaps showing hierarchical
clustering by Euclidian distance and complete linkage using the heatmap.2 function
available from the R Foundation for Statistical Computing (http://www.R-project.org,
Vienna, Austria). Prevaccination and postvaccination immune assay results were

Fadul et al. Page 4

J Immunother. Author manuscript; available in PMC 2013 September 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.R-project.org


summarized on a continuous scale using standard techniques. We confirmed the results of
the hierarchical clustering using a Cox regression model on the first 3 principle immune
parameters to calculate the estimated hazard ratio. We plotted Kaplan-Meier survival curves
for immune responding and non-responding groups according to grouping defined by the
hierarchical clustering results for the immune responses.

RESULTS
Accrual and Patient Characteristics

Between May 2006 and February 2008, 60 patients were diagnosed with GBM at our
institution (Fig. 2). Of 11 patients who entered the study, 1 had a seizure with neurologic
deterioration several weeks after leukapheresis and did not receive any DC vaccinations.
Table 1 summarizes the demographics of the 10 patients who received 3 vaccinations with 1
× 107 DCs.

Vaccine Preparation and Administration
DCs had a mature phenotype with upregulation of MHC Class II, CD83, costimulatory
molecules CD80 and CD86 and a decrease in CD14 expression. All 60 injections were
administered into the cervical lymph nodes except 1, which was administered into an
inguinal lymph node.

Immunologic Endpoints
Pretreatment lymphocytes of most patients showed little CD4 or CD8 T-cell proliferation in
response to tumor-loaded DCs. On the basis of a significance level corrected for 5 multiple
comparisons, only the PF of tumor-specific CD4+ T cells was significantly enhanced
postvaccination (P=0.004) (Table 2). The proportion of CD4+ IFNγ-producing cells, tumor-
specific PF of CD8+ T cells, and proportion of CD8+ IFNγ-producing cells showed trends
of an increase, but this did not reach statistical significance (Table 2). Increases in IFNγ
production of lymphocytes (ELISPOT) related to treatment were observed in 4 patients (6-
fold to 340-fold increase). Clustering of the postvaccine measures of 5 lymphocyte
functional parameters yielded 2 distinct groups of patients based on the immunologic
response to treatment (Fig. 3A). Patients on the right of the heatmap dendrogram (Fig. 3,
cluster 2) survived longer than patients in cluster 1 (P=0.002). In cluster 1, the 5 patients
with the lowest combined immune activation response had shorter survival (Fig. 3, cluster
1). Specifically, 4 of the 5 patients in the immune response group, cluster 2, are alive after a
follow-up of at least 2 years, whereas all 5 patients in cluster 1 have died. The same
clustering analysis for the prevaccination assay measurements of immune response to tumor
did not distinguish different patient groups that correlated with survival (data not shown).
Using OS as the endpoint, we found that the high-risk and low-risk groups defined by Cox
regression analysis are the same as clusters 1 and 2, supporting the results of the cluster
analysis.

There was no DTH skin reactivity to autologous tumor prevaccination or postvaccination in
any patient. Before the treatment no skin reactivity was detected for the control anergy panel
in any patient, but after vaccination 2 patients developed a positive skin reaction to Candida.

Two weeks after vaccination, we observed an increase in the proportion of CD8+ T memory
cells (CD45RO+CCR7−) (P=0.012) and in naive B cells (CD19+CD27−) (P=0.037). In
addition, we observed posttreatment increases in the percent of circulating CD4+TREG cells
(CD25+FoxP3+) (P=0.03) but not in the absolute numbers of CD4+TREG cells. Otherwise
there was no significant difference in additional lymphocyte populations measured.

Fadul et al. Page 5

J Immunother. Author manuscript; available in PMC 2013 September 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Clinical Outcomes
The median progression-free survival for the 10 study patients was 9.5 months and the
median OS was 28 months. All 7 patients with evidence of tumor progression received
second-line therapy with a bevacizumab-based regimen. There were no significant
differences in patient tumor volumes between the prevaccination and postvaccination
gadolinium-enhancing MRI studies (data not shown). The only adverse event attributed to
DC vaccine was grade 2 unilateral neck pain after 1 cervical lymph node vaccine
administration in 1 patient that persisted for several weeks.

DISCUSSION
Using a novel approach that combines multiple functional immune assays and hierarchical
clustering analysis, we showed that autologous tumor lysate-DC vaccination after RT and
TMZ triggered an antitumor immune response in patients with newly diagnosed GBM.
Furthermore, cluster analysis of multiple assay immune measures showed a correlation of
immune response and clinical outcome; even though single immune measures were poor
predictors of survival. The use of multiple parameters may provide a more comprehensive
assessment of immune system status after cancer immunotherapy. Vaccination in
combination with RT and TMZ was feasible and associated with only a single, mild adverse
event.

To date, only 41 patients treated with DC-based vaccination for newly diagnosed GBM have
been reported in the literature.4,7,19,20,29,30 In most reports, the treatment before immune
therapy was highly variable, preceded the routine addition of TMZ to radiation, and in some
patients, RT was avoided because of concern that it could interfere with the efficacy of the
immune therapy.7 A recently published pilot study included 8 patients with diagnosis of
GBM who received 4 intradermal vaccinations of tumor lysate-loaded DC after RT and
TMZ, followed by tumor lysate boosts, while on maintenance TMZ. An immune response
measured by ELISPOT assay performed after the fourth vaccination was detected in 5 of the
8 (63%) patients.30 Preliminary data presented from a randomized phase 2 study suggested
that patients with high-grade glioma receiving DC-based immunotherapy after radiation and
chemotherapy had an improved survival compared with the control group who only received
conventional treatment.31 This data combined with our current observations suggest that the
immune suppressive effect associated with prior RT and chemotherapy does not prevent
and, on the contrary, may predispose to, successful immune stimulation by a DC vaccine.

If the correlation between enhanced survival and immune response is the result of a positive
interaction between RT and TMZ with DC vaccine therapy, it raises the paradox of how
chemoradiotherapy immune suppression can facilitate immune activation. One hypothesis is
that RT and TMZ may have a pronounced effect on the immune regulatory pathways.
Elevated functional CD4+TREG cells have been reported in tumor-infiltrating and peripheral
blood lymphocytes of GBM patients32–34; in vitro depletion of TREG cells restores T-cell
immune function.33 RT and TMZ has been reported to cause a global CD4+ lymphopenia,8,9

which may change the regulatory environment in favor of enhanced tumor response. In
contrast, we (unpublished data) and others have found that the CD4+TREG cell peripheral
blood population is less affected than the general CD4+ population by RT and TMZ, thus the
proportion of TREG in peripheral blood of patients with GBM increases immediately after
treatment.35,36 Nonetheless, enhanced responses are reported with the combination of
maintenance TMZ and immune therapy.35,37 Several other studies suggest that the addition
of chemotherapy after vaccination in patients with GBM improves survival,4,38 although it
is unclear what the precise mechanism of interaction is. We were able to show that the
injection of intranodal DC matured with PGE2 and TNFα and primed with autologous GBM
tumor does not expand the TREG population where others have shown that unprimed DCs
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matured with PGE2 and TNFα may induce TREG cells.39 Our observations imply that
pathways other than those regulated by CD4+TREG may be at play in this complex
interaction between RT-TMZ and immune therapy.

Although our patient population was carefully selected (maximum feasible surgical
resection, good Karnofsky Performance Scale, and off corticosteroids before vaccination),
only 50% of the patients developed a measurable immune response that associated with
improved survival. The heterogeneity of patients and their immune system suggest that
immune activation and regulatory pathways are highly individualized. This leads to
impediments in using single immune parameter endpoints to identify relevant immune
changes which correlate with outcome. The tumor antigen-specific DTH response after
cancer vaccine has been used as a primary outcome in clinical trials and seems to correlate
with in vitro assessment of peripheral blood antigen-specific T-cell responses.40 The DTH
response to autologous tumor lysate reported in studies using DC vaccine for treatment of
patients with high-grade glioma shows conflicting results,5,6,41 but a recent study19 in
combination with our findings suggest that DTH is of limited use for immune monitoring of
GBM DC vaccination studies. By use of hierarchical clustering of multiple parameters, we
have been able to show that immune activation as a result of treatment correlates with
enhanced outcome. Identification of more sensitive and specific biomarkers of immune
activation would certainly lead to better prognostic and predictive capabilities, but more
importantly, it could lead to a better understanding of the disease process and therefore to
better treatments.42 Ideally, biomarkers that measure immune proficiency and predict
immune response could help us identify patients who would benefit from immune
therapy.19,43,44

Our investigation using immune monitoring hierarchical cluster analysis is not limited to
GBM. Although there are many immunologic assays to monitor the response in an
increasing number of cancer immune therapy trials, the variability in the methodology used,
the lack of validation and harmonization of the different assays, and the unreliable
association between individual assays and outcomes has often been an impediment to
establishing the benefit of immune therapies.27,42,45 Even if these assays could be validated
and standardized between laboratories, it is unlikely that a single assay could detect the
subtle and complex immunologic shifts triggered by immunotherapies that translate to
beneficial clinical endpoints. Our study was not designed to test the validity of cluster
analysis as an early marker of immune response, but to examine the potential that by
combining multiple assays one can measure immune response to cancer vaccines of clinical
relevance. The absence of a correlation between prevaccination immune parameters and
outcomes in our study could be the result of the small number of patients. Our results
support further exploration and the need for validation of the correlation of immune
response and improved survival in a larger study.

In our small cohort of patients, those capable of mounting a tumor-specific immune
response to intranodal autologous tumor lysate-loaded DC after surgery and combined RT-
TMZ had an improved outcome. We are encouraged that optimizing immune therapy with
chemotherapy and radiation could enhance the lives of GBM patients. If our 2 patient
clusters reflect 2 distinct patient phenotypes, only 1 of which is capable of effective immune
activation, then immune competence may be a threshold effect, and small absolute
differences in individual parameters could translate into differences in survival.
Identification of those who are more likely to benefit, optimal preparation and
administration of the DC product, and the addition of tolerance breaking strategies are
important considerations in the design of future therapeutic vaccination trials.
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FIGURE 1.
Study design. Four weeks after completing combined RT-TMZ, patients had a
prevaccination (V) apheresis, DTH panel placement, and MRI. One week later, the first
vaccination (V1) was administered, and 2 additional vaccinations were given 2 weeks apart.
Two weeks after the third vaccine patients had a post-V apheresis, DTH panel placement,
and MRI, followed by 12 cycles of adjuvant TMZ. DDPA indicates dye dilution
proliferation assay; DTH, delayed-type hypersensitivity reaction; ELISPOT, enzyme-linked
immunosorbent spot assay; PBMNC, peripheral blood mononuclear cells; POST-V,
postvaccination; PRE-V, prevaccination; RT, radiation therapy; TMZ, temozolomide; v,
vaccination.
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FIGURE 2.
Eligibility of the 60 patients diagnosed with glioblastoma multiforme (GBM) during the
study period. The reasons for exclusion of 49 patients were in 33 no tissue was available
because only a biopsy was performed or patients did not sign informed consent to use the
tissue; in 1 the tissue specimen yielded less than 8×107 tumor cells, 5 had a low performance
status, 7 declined participation; and 3 although eligible were not included because
enrollment was completed. One patient had initial leukapheresis but her performance status
deteriorated after a seizure, therefore was not treated. KPS indicates Karnofsky Performance
Scale.
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FIGURE 3.
A, Heatmap of hierarchical clustering analysis of the postvaccination immune responses.
Five patients with generally low ranks in immune function (pale yellow colors) formed
cluster 1 on the left. Five other patients with higher ranks in immune function measures
(dark red colors) formed cluster 2 on the right. B, Kaplan-Meier curves of progression-free
survival and overall survival for the 2 clusters. The Kaplan-Meier progression-free survival
curves for cluster 1 (median = 9 mo) and cluster 2 (median = 41 mo) are not statistically
different based on a log-rank test (P = 0.09). The overall survival was significantly different
between cluster 1 (median = 17 mo) and cluster 2 (median = not achieved) (P = 0.002).
ELISPOT indicates enzyme-linked immunosorbent spot assay; IFN, interferon; PF,
precursor frequency.
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