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Abstract

Purpose Dendritic cell (DC)-based tumor vaccination has

rendered promising results in relapsed high-grade glioma

patients. In the HGG-2006 trial (EudraCT 2006-002881-

20), feasibility, toxicity, and clinical efficacy of the full

integration of DC-based tumor vaccination into standard

postoperative radiochemotherapy are studied in 77 patients

with newly diagnosed glioblastoma.

Patients and methods Autologous DC are generated after

leukapheresis, which is performed before the start of

radiochemotherapy. Four weekly induction vaccines are

administered after the 6-week course of concomitant

radiochemotherapy. During maintenance chemotherapy, 4

boost vaccines are given. Feasibility and progression-free

survival (PFS) at 6 months (6mo-PFS) are the primary end

points. Overall survival (OS) and immune profiling, rather

than monitoring, as assessed in patients’ blood samples, are

the secondary end points. Analysis has been done on intent-

to-treat basis.

Results The treatment was feasible without major toxicity.

The 6mo-PFS was 70.1 % from inclusion. Median OS was

18.3 months. Outcome improved significantly with lower

EORTC RPA classification. Median OS was 39.7, 18.3, and

10.7 months for RPA classes III, IV, and V, respectively.

Patients with a methylated MGMT promoter had signifi-

cantly better PFS (p = 0.0027) and OS (p = 0.0082) as

compared to patients with an unmethylated status. Explor-

atory ‘‘immunological profiles’’ were built to compare to

clinical outcome, but no statistical significant evidence was

found for these profiles to predict clinical outcome.Electronic supplementary material The online version of this
article (doi:10.1007/s00262-012-1261-1) contains supplementary
material, which is available to authorized users.
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Conclusion Full integration of autologous DC-based

tumor vaccination into standard postoperative radioche-

motherapy for newly diagnosed glioblastoma seems safe

and possibly beneficial. These results were used to power

the currently running phase IIb randomized clinical trial.

Keywords Dendritic cell � Vaccine � Glioblastoma �
Radiochemoimmunotherapy

Introduction

Despite state-of-the-art oncological therapy, including

maximal, safe surgical resection, external beam radiother-

apy, and temozolomide (TMZ) chemotherapy, the prog-

nosis of glioblastoma (GBM) remains poor with a median

survival of 14.6 months [1, 2]. Therefore, there is a clear

need for well-tolerated long-term and tumor-specific

treatments. In recent years, many innovative treatment

approaches, including targeted therapy, immunotherapy,

and combinations of chemotherapeutical agents, have been

investigated with variable success. Several reports on

dendritic cell (DC)-based tumor vaccination have shown

promising clinical results in high-grade glioma (HGG)

patients [3–6].

The rationale for immunotherapy in HGG patients has

been reviewed extensively, and proof of the principle of

DC-based vaccination strategies against HGG has been

documented by our and several other groups [3–13].

Already two decades ago, North [14] nicely demon-

strated in an experimental rodent brain tumor model that

radiation therapy for malignant gliomas successfully

reduced or even eliminated the tumor infiltrating ‘‘sup-

pressor’’ T cells and considered this an important immu-

nomanipulative mechanism for sustained production of

effector T cells, resulting in immunologically mediated

regression of established brain tumors.

Historically and intuitively, chemotherapy has long been

regarded as problematic for the patient’s innate and adap-

tive immunity. Several chemotherapeutic drugs however,

depending on dose and timing of administration, seem to

facilitate the efficacy of immunotherapeutic strategies [15].

Several synergistic mechanisms have been elucidated to

date. The principles of thymic-independent, homeostati-

cally driven T-cell reconstitution after myelosuppressive

(chemo-)therapy [16, 17] can result in a higher number of

specific, tumor-rejecting T cells if the vaccination is being

performed in or immediately before the reconstitution

phase. Banissi et al. [18] were able to show that (only) a

low-dose metronomic TMZ regimen in a TMZ-resistant rat

glioma model decreased the regulatory T-cell fractions in

the spleen and within the tumor, resulting in a reduced

tumor progression. The mechanism for this reduced

migration of regulatory T cells (Treg) to HGG has been

investigated by Jordan et al. [19]. The production of the

chemokine CCL2 by glioma cells, responsible for Treg

recruitment, was mitigated by TMZ but also by carmustine.

The importance of cross-priming by DC, initiated by the

use of TMZ in glioma-bearing mice has clearly been

demonstrated by Park et al. [20], who reported on an

improved survival rate of a combination of TMZ and DC

vaccination as compared to each strategy alone. Both fac-

tors, suppression of Treg and DC cross-priming after tumor

cell apoptosis, were identified as responsible mechanisms

for an enhanced antitumor immunity if a combination of

TMZ chemotherapy and DC-based vaccines was used in a

murine glioma model by Kim et al. [21]. A better cross-

priming is believed to result from cancer therapies leading

to ‘‘immunogenic apoptosis’’ via the exposure or secretion

of various damage-associated molecular patterns (DAMP)

like calreticulin and heat-shock proteins [22], currently

considered to be a promising approach for future immu-

notherapy applications.

The inverse relation, that is, immunotherapy resulting in

an increased efficacy of chemotherapeutic drugs, has also

been demonstrated. Wheeler et al. [23] found more fre-

quent and more intense responses to chemotherapy in HGG

patients being vaccinated before the chemotherapy as

compared to a control group that had not been vaccinated

before. The mechanism suggested for this remarkable

finding seems to be an increased chemosensitivity of the

remaining tumor cells after targeting and cytotoxic clear-

ance of tyrosine-related protein-2 (TRP-2) positive tumor

clones after DC vaccination [24]. Till now, the focus of

synergy has been on mutual interactions of either chemo-

therapy and immunotherapy or on radiotherapy and

immunotherapeutic strategies, but not on the three modal-

ities together.

Based on the promising results of adjuvant autologous

DC-based tumor vaccination in a large group of patients

with relapsed malignant glioma and the results of DC

vaccination as add-on therapy in a pilot group of 8 patients

with newly diagnosed GBM [3, 4], we integrated immu-

notherapy within the treatment for newly diagnosed GBM

in a group of 77 patients in the HGG-2006 phase I/II trial

(EudraCT 2006-002881-20), considering putative mutual

beneficial effects of the combination of immunotherapeutic

strategies with both radiotherapy and chemotherapy. In our

pilot report [3], we already reported on the logistic and

immunological feasibility of this fully integrated approach,

referred to as radiochemoimmunotherapy. Here, we report

on clinical feasibility, toxicity, and progression-free sur-

vival (PFS) at 6 months (6mo-PFS) as primary end points.

Overall survival (OS) and exploration of immune profiles,

before the start of the immunotherapy, are secondary end

points.
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Patients and methods

Patient population

Seventy-seven patients were included between December

2006 and November 2008, with a newly diagnosed primary

GBM, confirmed on central review histopathology. Patients

were included for DC-based therapy, if they met the

inclusion criteria as summarized in Supplementary Table I

(online only). Patients’ characteristics are described in

Table 1, and patients are further subdivided according to

the EORTC RPA classification for newly diagnosed GBM

[25]. All patients were operated upon and were off steroids

at the time of leukapheresis and during vaccination.

Approval by the local ethics committee was obtained as

well as patients’ written informed consent before the start

of immunotherapy.

Assessment of extent of tumor resection

before vaccination

Total resection was defined by the neurosurgical report and

the absence of any residual contrast enhancing mass on

early postoperative MRI (T1-weighted spin-echo images

before and after gadolinium enhancement) performed

within 72 h after surgery in all patients. Any resection

leaving a measurable tumoral mass less than 2 cm3 was

considered subtotal. All solid residual tumor of a measur-

able size C2 cm3 was classified as partial resection.

Vaccine preparation and administration

Tumor cell lysate and autologous DC were prepared as pre-

viously published [3, 4]. Quality control of the cell product

(monocyte-derived ‘‘early mature’’ dendritic cells loaded with

autologous whole tumor cell lysate) being injected intrader-

mally, included viability (trypan blue exclusion), purity based

on cell morphology (DC should display cytoplasmic veils) and

flow cytometry (DC should express MHC class II and CD86

and should not express CD14), and sterility (bacterial and

fungal cultures and mycoplasma testing in a validated clinical

microbiology laboratory). The induction vaccines and boost

vaccines were administered intradermally in the upper third of

both arms as described [3].

Treatment schedule: fully integrated radio–chemo–

immunotherapy

The treatment schedule is depicted in Fig. 1. Leukapheresis

was performed 1 week after the withdrawal of corticoste-

roids and after inclusion criteria were met. Immediately

following leukapheresis, patients were treated with radio-

chemotherapy, as outlined by Stupp et al. [1], with the

integration of DC-based immunotherapy. Boost vaccines

were given early after maintenance chemotherapy cycles to

optimally exploit the principle of homeostatic T-cell

reconstitution after chemotherapy [16, 17]. At the time of

progression, possible rescue therapy was at the physician’s

discretion.

Immune profiling

Immune profiling of the patients was performed by flow

cytometry. Blood samples were obtained at the times of

leukapheresis and vaccine 1, that is, before the start of the

actual immunotherapy. Peripheral blood mononuclear cells

(PBMC) from each blood sample were cryopreserved and

thawed together at the end of the immunotherapy for flow

cytometric analysis. For each blood sample, the phenotype

of circulating cell populations was determined by fluores-

cence-activated cell sorting (FACS): CD4? and CD8?

Table 1 Patients’ characteristics

All

patients

RPA III RPA IV RPA V

Sex

Female 29 7 20 2

Male 48 6 30 12

Age at surgery (year) 57

(26–70)

40

(26–47)

58

(30–70)

62

(55–69)

Resection

Total 51 7 33 11

Subtotal 26 6 17 3

Site of tumor

Right frontal 14 2 10 2

Right occipital 4 1 3 0

Right parietal 8 3 4 1

Right temporal 20 4 14 2

Right multilobular 5 0 2 3

Left frontal 5 0 5 0

Left occipital 4 0 2 2

Left parietal 5 1 3 1

Left temporal 9 1 5 3

Left multilobular 2 0 2 0

Bifrontal 1 1 0 0

Therapy

ITT 77 13 50 14

AT 71 13 47 11

PP 39 11 25 3

AT as-treated, ITT intent-to-treat, PP per protocol, RPA recursive

partitioning analysis. Data from all the patients that were included in

the trial were used for ITT analysis. Patients who finished radioche-

motherapy and received at least 3 induction vaccines were assigned

as-treated. Patients who received every part of the outlined treatment,

that is, full-dose radiotherapy, concomitant, and maintenance tem-

ozolomide chemotherapy, 4 induction vaccines, and 4 boost vaccines

were assigned treated per protocol
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subpopulations, Treg cells (CD4?CD25?CD127dim) [26],

natural killer T cells (NKT) (CD3?CD56?), and natural

killer (NK) cells (CD3-CD56?). For this, FITC-, PE-, and

PerCP-labeled monoclonal antibodies were purchased from

BD Biosciences Pharmingen (San Jose, USA).

Based on the FACS data, relative counts (ratios) of the

different cell populations’ frequencies could be deter-

mined; CD4? and CD8? T-cell ratios were expressed on

the total lymphocyte gate, as were NKT and NK cell ratios.

Treg cell ratios were expressed on total CD4? cells. Ratios

at the time of the first vaccine (V1) were expressed relative

to data at the time of leukapheresis (LF), to evaluate the

effect of radiochemotherapy. For this, ratios were derived

from the respective frequencies of the studied cell popu-

lations, not from absolute numbers, as relative frequencies

were believed to reflect the change in immunological

microenvironment more accurately because absolute

numbers of all T-cell subsets and NK cells clearly went

down between LF and V1 and therefore prohibited a

discriminative categorization based on the evolution of

absolute numbers. This was meant to study a possible

global ‘‘immunological reset’’ by radiochemotherapy that

might be predictive for the outcome of radiochemoimmu-

notherapy as presented here. ELISPOT immunomonitor-

ing, as performed in our pilot trial [3], was not performed

in the actual trial.

Patient assessment

All patients were followed by clinical examination and

MRI (12 weeks after surgery and from then every

3 months). Survival was calculated as time from inclusion

(leukapheresis) to death from cancer or any other cause.

Within 2–5 weeks after the histological diagnosis of GBM,

leukapheresis took place. Radiochemotherapy started

within 1 week after leukapheresis.

Data from all the patients that were included in the trial

were used for intent-to-treat (ITT) analysis. Patients who

Dendritic cell (DC)-based vaccine

1 6 10 14 18 22 26

TMZ daily x 42 days

RT 30 x 2 Gy

week

5 weeks

5d5d 5d Total: 6 cycles

4 weeks

RT: 5 x 2 Gy

RT: focal radiotherapy, 60 Gy in 6 weeks to tumor volume + 2-3 cm margin

TMZ: Temozolomide (Temodal®, Temodar®)
During RT:     75 mg/m² daily (including weekends) for up to 42 days

Administration 1-2 hours before RT or in a.m. on days without RT
Antiemetics: metoclopramide, only before initial doses needed

Maintenance: 150-200 mg/m² daily x5, for up to 6 cycles
Antiemetic prophylaxis with metoclopramide or 5HT3 antagonist

Tumor lysate

Leukapheresis Surgery

Fig. 1 Treatment schedule. Dendritic cell-based immunotherapy was

integrated in the state-of-the-art postoperative radiochemotherapy.

Leukapheresis to harvest autologous monocytes is performed once, at

least 7 days after weaning of steroids and immediately before the start

of the concomitant radiochemotherapy (42 days of concomitant

temozolomide). After the radiochemotherapy, but before the

maintenance chemotherapy with temozolomide (TMZ), four weekly

induction vaccines are administered intradermally. Afterward, main-

tenance chemotherapy (5/28 days) is started and 1 week after the start

of the 1st, 2nd, 3rd, and 6th cycle of TMZ, a boost vaccine is

administered

2036 Cancer Immunol Immunother (2012) 61:2033–2044
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had finished radiochemotherapy and received at least 3

induction vaccines were assigned as-treated (AT). Patients

who received every part of the outlined treatment, that is,

full-dose radiotherapy, concomitant and maintenance TMZ

chemotherapy, 4 induction vaccines, and 4 boost vaccines

were assigned treated per protocol (PP).

O6-methylguanine-DNA methyltransferase (MGMT)

promotor methylation of the tumor was determined using

methylation-specific polymerase chain reaction after DNA

bisulfite modification [27].

Adverse events were graded according to the National

Cancer Institute Common Toxicity Criteria (NCI CTC).

Statistical analysis

For the calculation of the trial sample size, comparison

with the historical control group from the EORTC

26981/22981-NCIC CE3 Trial [1] was based on PFS. The

power has been calculated to reject the null hypothesis,

using a Cox regression, of equal hazard for the historical

control group and the intervention group. The alternative

hypothesis has been phrased as one-sided, with alpha-level

equal to 5 %. With 60 recruited and vaccinated patients in

the test group and assuming a 6mo-PFS of 54 and 70 % in,

respectively, the control and test group, the study has

91.9 % power to detect a difference.

Two approaches are used to verify whether there is any

information in the immunological profiles to predict overall

survival (OS) and progression-free survival (PFS).

In a first approach, Cox regression models are used to

verify whether the immunological profiles contain any

information for the prediction of OS and PFS. Considered

predictors were all the ratios at the different set points in

time (see ‘‘Patients and methods’’). Ratios are available for

5 different cell types: CD4 cells, CD8 cells, NK cells, NKT

cells, and Treg cells. Univariable as well as various mul-

tivariable models are fitted. Due to the high correlation

between CD4 and CD8, information from both counts are

never combined in the same model. Likelihood ratio tests

are used in each model, to verify whether there is any

information in the considered predictor(s).

A second approach consists of two steps. Firstly, a

k-means cluster analysis on all the available ratios from the

relative counts of the various cell types is used as an

exploratory tool to group patients. A patient is attributed to

a specific cluster because the distance (in multiple

dimensions) to the mean of that cluster is the lowest. Due

to the low number of subjects, the number of clusters was

fixed on three and a single imputation step (assuming

multivariate normality) preceding the cluster analysis was

used to handle missing values in the ratios. Secondly, it is

verified whether there is a relationship between cluster

membership and survival (OS/PFS) using log-rank tests.

This method of cluster analysis was explored for any

possible combination of predictors (i.e., above-mentioned

ratios). As none of the performed clusterings resulted in a

clustering membership with a significant relation with PFS

or OS, we only present the data of the most ‘‘informative’’

cluster by the way of example. All analyses were per-

formed using SAS software, version 9.2 of the SAS System

for Windows (Copyright � 2002 SAS Institute Inc.) SAS

and all other SAS Institute Inc. product or service names

are registered trademarks or trademarks of SAS Institute

Inc., Cary, NC, USA.

Statistical survival analysis was done by log-rank test on

Kaplan–Meier survival estimates.

Results

Feasibility: vaccine preparation

The patients received a median of 8 vaccines (range: 0–17

vaccines); 8 vaccines were scheduled according to the trial

protocol. Due to early disease progression, death, or steroid

dependence, some ITT patients received less than 8 vac-

cines. More than 8 vaccines were administered in patients

further receiving three monthly boost vaccines if enough

lysate was available until disease progression. For the 4

induction vaccines, the median total number of loaded

‘‘early mature’’ DC was 5.2 9 106 per vaccination session

(range: 0.24–55 9 106; n = 290). For a more detailed

distribution of the number of DC used per vaccine or per

patient, we refer to the supplementary figures S1, S2, and

S3. The wide variation of DC number per vaccine was not

correlated with disease progression. The quality of the

cellular product is identical to previously published reports

[3, 4]. Further boost vaccines were given with tumor cell

lysate, with a median of 1,500 lg (range: 400–1,500 lg)

proteins per vaccine injected, in 2 syringes each containing

a final volume of 400 lL.

Clinical assessment

The details of the clinical results are given in Table 2:

follow-up (FU) period, median PFS and OS, and 6mo-PFS.

Analyses were done based on the ITT patients (n = 77),

the as-treated patients (n = 71), and the patients treated per

protocol (n = 39). In Fig. 2, Kaplan–Meier curves are

shown for PFS and OS based on ITT, AT, and PP analysis.

PFS of 10.4 months in the ITT group, further increased for

the AT group (11.0 months) to 20.4 months in the PP

group. The percentage 6-months PFS was 70 % for the ITT

group and increased to 100 % for the PP group. With a

median FU of more than 2 years, the median OS was

Cancer Immunol Immunother (2012) 61:2033–2044 2037
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Table 2 Clinical results

PFS (mo) 6mo-PFS (%) OS (mo) Alive/dead FU survivors (mo) MGMT

(methylated/

unmethylated)

ITT 10.4 (1.0–37.7) 70 18.3 (1.3–42.2) 31/46 25.0 (10.5–42.2) 29/19

AT 11.0 (1.7–37.7) 76 19.4 (3.9–42.2) 30/41 25.7 (10.5–42.2) 27/18

PP 20.4 (2.3–37.7) 100 nyr (10.26–39.67) 25/14 26.8 (10.5–37.7) 15/7

Median values and ranges are given for PFS, OS, and FU

AT as-treated, FU follow-up, ITT intent-to-treat, MGMT O6-methylguanine-DNA methyltransferase, mo months, nyr not yet reached, OS overall

survival, PFS progression-free survival, PP per protocol, and 6mo-PFS PFS at 6 months

No. at Risk

77 54 31 26 15 9 1

No. at Risk

77 69 46 35 20 12 3 1

OS (ITT)

0 6 12 18 24 30 36 42
0

50

100

Time (months)

%

PFS (ITT)

0 6 12 18 24 30 36
0

50

100

Time (months)

%

PFS (AT)

0 6 12 18 24 30 36
0

50

100

Time (months)

%

OS (AT)

0 6 12 18 24 30 36 42
0

50

100

Time (months)

%

No. at Risk

71 54 31 26 15 9 1

PFS (PP)

0 6 12 18 24 30 36
0

50

100

Time (months)

%

No. at Risk
39 39 26 21 13 8 1

No. at Risk

71 66 45 34 20 12 3 1

OS (PP)

0 6 12 18 24 30 36 42
0

50

100

Time (months)

%

No. at Risk

39 39 34 28 17 11 2 0

A B

C D

E F

Fig. 2 Progression-free survival (PFS) and overall survival (OS) based

on intent-to-treat (ITT), as-treated (AT) and per protocol (PP) analysis.

Median PFS (a) and median OS (b) on ITT were 10.4 and 18.3 months,

respectively. Based on AT analysis, median PFS (c) and median OS

(d) were 11.0 and 19.4 months, respectively. For PP analysis, median

PFS (e) was 20.4 months, and median OS (f) has not yet been reached

2038 Cancer Immunol Immunother (2012) 61:2033–2044
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18.3 months in the ITT, 19.4 months in the AT group, and

could not yet be determined for the PP group.

Extent of resection was taken into account as prog-

nostic variable, and further analysis based on the EORTC

RPA classes was done as well. MGMT status could be

determined in 48 of the 77 patients (62 %): in 63 % of

patients with a total resection and in 62 % of patients with

a subtotal resection. For the subgroups of total and sub-

total resection, 53 and 75 % of the patients had a meth-

ylated promoter of MGMT, respectively. Figure 3 shows

Kaplan–Meier curves for PFS and OS, based on RPA

classification, extent of resection, and MGMT status (ITT

analysis). Both for RPA classification and MGMT pro-

moter methylation status, a statistically significant differ-

ence in PFS and OS was illustrated. Extent of resection

did not result in a significant survival difference for this

group of patients.

Toxicity

Adverse events are described in Table 3. Thirty-eight

serious adverse events (NCI CTC grade III, IV, and V)

were reported in 30 patients (39 %), including 19 hema-

tological adverse events (hematotoxicity) in 18 patients

PFS

0 6 12 18 24 30 36
0

50

100
class III

class IV

class V

Time (months)

%

OS

0 6 12 18 24 30 36 42
0

50

100
class III

class IV

class V

Time (months)

%

p < 0.0001 p < 0.0001
A B

No. at Risk
class III 13 13 13 11 8 5 2 1

class IV 50 47 30 24 14 9 3 2

class V 14 11 6 3 1 1 1 1

No. at Risk
class III 13 13 10 10 7 4 1

class IV 50 38 23 18 10 7 2

class V 14 5 1 1 1 1 1

PFS

0 6 12 18 24 30 36
0

50

100
Total resection

Subtotal resection

Time (months)

%

OS

0 6 12 18 24 30 36 42
0

50

100
Total resection

Subtotal resection

Time (months)

%

ns ns

C D

No. at Risk
Total 
resection

51 37 21 19 11 8 2

Subtotal 
resection

26 18 12 9 6 3 1

No. at Risk
Total 
resection

51 46 30 24 15 11 3 1

Subtotal 
resection

26 25 18 13 7 3 2 2

PFS

0 6 12 18 24 30 36
0

50

100
Methylated

Unmethylated

Time (months)

%

OS

0 6 12 18 24 30 36 42
0

50

100
Methylated

Unmethylated

Time (months)

%

p = 0.0082p = 0.0027

FE

No. at Risk

Methylated 29 27 22 11 11 6 3 2

Unmethylated 19 17 9 6 3 3 1 1

No. at Risk

Methylated 29 23 17 13 8 4 2

Unmethylated 19 11 3 3 2 2 1

Fig. 3 Progression-free

survival (PFS) and overall

survival (OS) based on RPA

classification, grade of

resection, and MGMT status.

Data depicted are based on ITT

analysis. Based on RPA

classification, median PFS

(a) was 30.5, 11.7, and

5.2 months for classes III, IV,

and V, respectively, with 6mo-

PFS of 92, 72, and 43 %,

respectively. Median OS

(b) was 39.7, 18.3, and

10.7 months for RPA classes
III, IV, and V, respectively. For

total and subtotal resection,

median PFS (c) was 9.7 and

10.8 months, respectively.

Median OS (d) was 16.6 and

23.5, respectively. Based on

MGMT status, median PFS

(e) was 14.5 and 6.5 months for

methylated and unmethylated

MGMT status, respectively.

Median OS (f) was 20.0 and

11.1 months for the respective

MGMT states (ITT intent-to-

treat, MGMT O6-

methylguanine-DNA

methyltransferase, ns not

significant, RPA recursive

partitioning analysis, and 6mo-

PFS PFS at 6 months)
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(23 %). One patient died (NCI CTC grade V) due to an

overwhelming infection in the early postoperative period

after leukapheresis but before radiochemotherapy or vac-

cination was started.

Immune profiling to detect a ‘‘reset-mechanism’’

by radiochemotherapy

Based on the FACS data, patterns of increase and decrease

in the different cell ratios could be determined, providing

information on immunological profiles, changing during

radiochemotherapy, and thus before the start of the actual

vaccination therapy. Combining increase/decrease in dif-

ferent cell ratios led to a further subdivision into subgroups.

In this way, subgroups were made with NK, Treg, CD4,

and CD8 cells. Next, the patterns of increase/decrease were

compared to clinical outcome, to see whether there was any

information in the immunological profiles to predict PFS

and OS. Univariable and multivariable models were tested.

Using all these different models, we found no evidence that

the immunological changes contained any predictive

information for either PFS or OS. To roughly illustrate the

changes in the relative frequencies of the examined sub-

types of cells after radiochemotherapy, we report the

median, minimum, and maximum ratios (V1/LF): CD4

median = 1.01 (0.47–3.97), CD8 median = 1.08

(0.53–2.04), NK median = 0.89 (0.14–3.45), and Treg

median = 1.28 (0.36–5.73). Also, cluster analysis was

performed based on all possible combinations of possible

predictors, but none of the performed clustering models

resulted in a clustering membership with a statistical sig-

nificant relation with PFS or OS (data not shown). How-

ever, cluster analysis based on the 2 variables with the

highest R2, Treg, and NK cell ratios (V1/LF) resulted in the

determination of 3 clusters (supplementary Fig. S4A,

online only). A clear trend toward a longer PFS was seen

from cluster 1 to cluster 3, although this did not reach

statistical significance (supplementary Fig. S4B, online

only).

Discussion

We hypothesized that the combination of radio-, chemo-,

and immunotherapy could potentiate the cumulative anti-

tumor activity when applied in a well-designed strategy.

We here demonstrate such a strategy of autologous DC-

based immunotherapy as add-on therapy, fully integrated in

(rather than applied after) the multimodal treatment for

surgery, radiotherapy, and chemotherapy in patients with

newly diagnosed GBM. For this radio–chemo–immuno-

therapy, we provide data on feasibility, efficacy, and tox-

icity in this prospective single-arm phase I/II trial.

The integration of immunotherapy within the standard

postoperative therapy for patients with a newly diagnosed

GBM is based on the presumed mutually beneficial effect

of the conventional treatment strategies and immunother-

apy, mentioned into more detail in the introduction. Each

Table 3 Adverse events

Adverse events No. of

patients

Grade according

to NCI CTCAE

(version 3.0)

Fatigue 34 I

General rash/itching 4 I

Shoulder pain 2 I

Anorexia 2 I

Myalgia 1 I

Nausea/vomitus 11 I–II

Memory impairment 5 I–II

Epileptic seizure 13 II

Confusion 3 II

Humerus fracture 3 II

Lethargy 2 II

Bleeding (ectopic cerebral lesion) 1 II

Depression 1 II

Dysphasia 1 II

Esophagitis 1 II

Otitis media serosa 1 II

Epileptic seizures 5 III

Allergic reaction on TMZ 1 III

Cerebral abscess (surgery required) 1 III

DVT 1 III

Hydrocephalus (surgery required) 1 III

Ischemic bowel perforation 1 III

Lung- and peripheral edema 1 III

Osteoporotic D10 fracture 1 III

Dementia (Alzheimer) 1 III–IV

Focal status epilepticus 2 IV

Ischemic stroke (full recovery) 1 IV

Status epilepticus 2 IV

Overwhelming infection 1 V

Hematotoxicity

Lymphopenia 17 I

Leukopenia 16 I

Lymphopenia 7 II

Leukopenia 5 II

Lymphopenia 12 III

Thrombopenia 2 III

Leukopenia 1 III

Thrombopenia 3 IV

Lymphopenia 1 IV

CTCAE common terminology criteria for adverse events, DVT deep

venous thrombosis, NCI National Cancer Institute, No. number, TMZ
temozolomide

2040 Cancer Immunol Immunother (2012) 61:2033–2044

123



aspect of the presented concept of radiochemoimmuno-

therapy is believed to play a major role in the global results

of this approach. First of all, maximal, safe surgery is

performed to induce a state of minimal residual disease as a

starting point for the following therapies. It has been shown

that the extent of resection has a major impact on the

benefit of postoperative radio(chemo)therapy in GBM [28,

29]. Moreover, extent of resection is a strong, independent

predictor of the outcome for patients with relapsed malig-

nant glioma, treated with postoperative, adjuvant DC

vaccination [4].

Many antitumor strategies, such as radiotherapy, kill

tumor cells by apoptosis, and the resulting apoptotic bodies

form a good source of cross-presented antigens, which

might further lead to cross-priming of T cells in an

appropriate pro-inflammatory environment. In 1984, North

[14] already showed an elimination of local regulatory T

cells in irradiated brain tumor areas. TMZ chemotherapy

during radiotherapy might lead to thymic-independent

antigen-driven T-cell regeneration within the context of

T-cell homeostasis [16, 17], and the concept of tumor-

specific immunization at the time of immune reconstitution

after chemotherapy has been demonstrated in several ani-

mal models [16, 17]. A decreased intratumoral Treg inva-

sion after TMZ chemotherapy [21] and the increased cross-

priming by DC after immunogenic apoptosis of tumor cells

[20], for example after several types of chemotherapy, are

believed to be major factors contributing to the anticipated

synergistic activity of DC vaccines and chemotherapy.

Immunotherapy itself can increase the sensitivity of

(GBM) tumor cells to chemotherapeutics like TMZ [23, 24,

30–32].

Median OS based on ITT analysis of our series of 77

patients was 18.3 months from leukapheresis, which

compares favorably to the survival data reported by Stupp

et al. [1] with a median OS of 14.6 months. More recent

studies, with other new treatment strategies for GBM (e.g.,

Talampanel, poly-ICLC, or cilengitide treatment with

standard radiochemotherapy, or 5-aminolevulinic acid

guided glioma resection) [29, 33, 34], point to a median OS

in the range of 18–20 months, in line with our ITT find-

ings. However, only a randomized clinical trial can confirm

the possible beneficial effect of immunotherapy integrated

in the multimodal primary treatment.

Based on ITT analysis, 6mo-PFS was 70.1 %; as such,

this result coincided with the assumption in our power

analysis, and these data were then used to power the cur-

rently running randomized phase IIb trial HGG2010. When

we consider the EORTC RPA classification, 65 % of the

patients belonged to RPA class IV, 18 % to class V, and

17 % to class III. As one could expect, outcome improved

significantly with lower RPA classification. Median OS

was 39.7, 18.3, and 10.7 months for classes III, IV, and V,

respectively. These data compare favorably to the RPA

class-related survival estimates and RPA class-adjusted

outcome in the EORTC 26981/22981-NCIC CE3 Trial

[25], in which median OS in the radiotherapy/TMZ arm of

the study was 21.4, 16.3, and 10.3 months for the respec-

tive classes. The doubling of the OS in RPA class III

patients is striking. In our study, 6mo-PFS was 92, 72, and

43 % for RPA classes III, IV, and V, respectively. This

shows that the prognostic factors used for the EORTC RPA

classification hold true for this new treatment regimen

including tumor vaccination. Moreover, tumor vaccination

integrated into standard radiochemotherapy seems to

improve survival, especially in the patients belonging to

RPA class III, in which survival seems to be doubled

compared to standard postoperative radiochemotherapy.

The reason for the striking effect in especially RPA class

III patients remains unexplained but several hypothetical

factors could account for this finding: the younger age of

these patients might be related to a higher number of cir-

culating naı̈ve T cells that can become specifically primed

after vaccination. Moreover, we noticed that less patients

from RPA class III were progressive under concomitant

radiochemotherapy, probably creating a better substrate for

subsequent immunization by the DC vaccine.

Six patients (7.8 %) progressed even before vaccina-

tions could start and constitute the difference between the

ITT group (77 patients) and the AT group (71 patients).

Further protocol violations (incomplete TMZ administra-

tion in 12 patients, steroid use in 6 patients, and less than

the scheduled 8 vaccines in 14 patients), mainly due to

disease progression, further decreased the number of PP

patients to 39, thereby indicating the restrictions of the

feasibility to fully implement the protocol in all included

patients. Patients treated per protocol had a clearly better

clinical outcome than as-treated patients and even more so

than ITT patients. This is trivial, reflecting a positive

selection of patients receiving the full treatment regimen.

Moreover, more patients in RPA class III were treated per

protocol as compared to classes IV and V (85, 50, and

21 %, respectively). To avoid commonly introduced bias if

only those patients are being vaccinated who do not show

any progression at the end of the maintenance chemo-

therapy according to the Stupp regimen, we fully integrated

the DC vaccine into the postoperative radiochemotherapy

and analyzed all our data on an ITT basis.

Thirty-eight serious adverse events (NCI CTC grade III,

IV, and V) were reported in 30 patients (39 %), including

19 hematological serious adverse events (hematotoxicity) in

18 patients (23 %). Hematological adverse events were

most likely the result of concomitant and maintenance TMZ

therapy. However, Stupp et al. [1] reported grade III or IV

hematological toxic effects in only 16 % of patients. One

patient died (NCI CTC grade V) due to an overwhelming
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infection in the postoperative period, even before radio-

chemotherapy or vaccination had started.

No clear benefit of total resection over subtotal resection

was seen in this group of patients, although the grade of

resection was a strong, independent predictor of the out-

come in the recurrent HGG patients who were vaccinated

[4]. This might be explained by the fact that in the sub-

group of patients with subtotal resections, other prognostic

factors were more favorable; 75 % had a methylated

MGMT promoter in the subgroup of subtotal resection, as

compared to only 53 % in the subgroup of total resection.

Also, more subtotally resected patients belonged to lower

RPA classes.

MGMT promoter methylation is correlated with

improved PFS and OS in patients treated with alkylating

agent chemotherapy (TMZ) and might even be a general

favorable prognostic factor in GBM patients [2, 35–37].

This holds true in our patient population. As the production

of the whole tumor cell lysate requires a critical minimal

amount of tumor volume of about 3 cm3, and harvesting

representative samples for reference pathology was man-

datory for inclusion, we did not receive enough tumor

volume of all patients to assess the MGMT promoter

methylation status of all patients. Of the 48 patients in

whom MGMT status was determined, 29 patients (60 %)

had a methylated MGMT promoter. This percentage is

higher than in the EORTC 26981/22981-NCIC CE3 Trial

[35]. In that trial, the MGMT promoter was methylated in

45 % of the subgroup of patients treated with radio- and

chemotherapy in whom MGMT promoter methylation

status could be determined. However, according to the

literature, MGMT methylation frequency in newly diag-

nosed GBM patients varies from 19 to 68 % as determined

by methylation-specific polymerase chain reaction [27].

Exploratory immune profiling before the start of the

vaccine, rather than classical immune monitoring during

vaccination, was done using flow cytometry on blood

samples. All these single-arm immunological parameters

pointing to a possible induction of specific antitumor

cytotoxic T cells can and did provide proof of the principle

but are unlikely to accurately reflect a clinically relevant,

complex in vivo immune response. From the different

groups using whole tumor cell preparations as a source of

glioma-associated antigens, only Wheeler et al. [6] were

able to find a correlation between immunological and

clinical responses. In our previous reports, interferon-c
ELISPOT [3] nor delayed-type hypersensitivity skin tests

[11] could reveal any correlation with clinical outcome.

Moreover, the lack of standardization in antitumor immune

monitoring to date further confounds the field, preventing a

comparison of different immune therapy approaches

especially if whole tumor cell lysates are used as a source

of antigens. Therefore, we rather wanted to explore a

possible impact of the concomitant radiochemotherapy on

the resetting of global immunological profiles based on

changes in relative cell counts during radiochemotherapy

for both effector and suppressor cell populations. These

‘‘immunological profiles’’ were compared to clinical out-

come to find predictive immunological response patterns,

as they can be available before the start of the immuno-

therapy. Using different statistical models, no statistical

significant evidence was found that the immunological

profiles contained any predictive information for either

PFS or OS. However, cluster analysis plotted on Treg and

NK cell ratios (V1/LF) revealed 3 clusters. A trend to

increased PFS was seen from cluster 1 to cluster 3,

although this did not reach statistical significance. Since

these ‘‘response patterns/clusters’’ are based on changes in

cell ratios between leukapheresis and the first vaccine, one

could hypothesize on the importance of a differential

resetting of the immune system by radiochemotherapy, that

is, even before starting the immunotherapy. Further data

are being gathered to test this hypothesis.

A possible explanation for the lack of correlation

between immunological and clinical responses in the lit-

erature might be that the peripheral immune status does not

mirror the immune responses that occur in the tumor itself.

Also, using tumor lysate as the source of TAA has the

disadvantage that there is a lack of specific antigens to be

targeted in monitoring assays. The discordance between

clinical and immunological data is a well-known problem

for this type of treatment. It shows the inherent short-

comings of immune monitoring for these types of treat-

ment. Therefore, although the lack of classical immune

monitoring in this study might be a drawback, we believe

that the use of surrogate immunological end points as main

parameters to build a treatment strategy upon does not

cover the full picture.

The full nature of the estimated beneficial effects of DC

vaccination is without any doubt much more complex than

any immune monitoring or molecular biology tool at this

stage can fully capture. We realize that several protocol

modifications in this vaccination approach might further

improve the possible outcome, for example mixing the

whole tumor cell lysate with GM-CSF [38–40] or the use

of imiquimod, locally on the injection site (unpublished

data). Therefore, we designed the currently running single-

center prospective double-blind placebo-controlled phase

IIb randomized clinical trial HGG-2010 (EudraCT

2009-018228-14), based on the feasibility, toxicity, and

preliminary efficacy data reported here in combination with

further theoretical vaccine improvements.
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