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The natural killer cell response
and tumor debulking are associated
with prolonged survival in recurrent glioblastoma
patients receiving dendritic cells loaded
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Recurrent glioblastomas (GBs) are highly aggressive tumors associated with a 6-8 mo survival rate. In this study, we
evaluated the possible benefits of an immunotherapeutic strategy based on mature dendritic cells (DCs) loaded with
autologous tumor-cell lysates in 15 patients affected by recurrent GB. The median progression-free survival (PFS) of this
patient cohort was 4.4 mo, and the median overall survival (OS) was 8.0 mo. Patients with small tumors at the time of the
first vaccination (< 20 cm?; n = 8) had significantly longer PFS and OS than the other patients (6.0 vs. 3.0 mo, p = 0.01; and
16.5 vs. 7.0 mo, p = 0.003, respectively). CD8* T cells, CD56* natural killer (NK) cells and other immune parameters, such as
the levels of transforming growth factor 8, vascular endothelial growth factor, interleukin-12 and interferon -y (IFN<y), were
measured in the peripheral blood and serum of patients before and after immunization, which enabled us to obtain a
vaccination/baseline ratio (V/B ratio). An increased V/B ratio for NK cells, but not CD8* T cells, was significantly associated
with prolonged PFS and OS. Patients exhibiting NK-cell responses were characterized by high levels of circulating IFNy
and E4BP4, an NK-cell transcription factor. Furthermore, the NK cell V/B ratio was inversely correlated with the TGFB2 and
VEGF V/B ratios. These results suggest that tumor-loaded DCs may increase the survival rate of patients with recurrent GB

after effective tumor debulking, and emphasize the role of the NK-cell response in this therapeutic setting.

Introduction

Glioblastoma (GB) is the most aggressive type of primary brain
tumor. Limitations regarding surgery, stemming from anatomical
localization of the tumor and from its infiltrative nature, coupled
to the partial resistance to multiple radio- and chemotherapeutic
approaches lead to inevitable tumor recurrence. The overall sur-
vival (OS) time of GB patients receiving the standard treatment,
which consists of surgery, concomitant radiotherapy and six or
more cycles of temozolomide (TMZ) is 14.6 mo.' Several lines of
evidence indicate that the immune system is capable of interacting
with cancer cells to prevent their growth as well as to destroy estab-
lished tumors.? However, attempts at utilizing the immune system

to treat established tumors are confronted with consistent limita-
tions, largely due to the immunosuppressive environment gener-
ated by malignant cells.? The induction of anti-GB immunity has
been documented in vitro as well as in animal models.* Results
from several early clinical trials using dendritic cell (DC) vaccines
to initiate antitumor immune responses were promising,’ indicat-
ing that antitumor immunity was induced in a fraction of patients
and that immunological responders exhibited a prolonged survival
rate as compared with control patients. Furthermore, increased
levels of interferon y (IFNv) in the peripheral blood as well as
in peripheral blood mononuclear cells (PBMCs) of GB patients
have been associated with prolonged survival, and tumor debulk-
ing is known to decrease the expression of immunosuppressive
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cytokines such as transforming growth factor B (TGF).%7 Severe
side effects have never been associated with DC-based vaccines,
and the quality of life of patients treated with this immunothera-
peutic intervention has been deemed acceptable.®

Although several GB-associated antigens have been identified,
it is possible that the use of whole tumor-cell products as antigens
(i.e., lysates, tumor-eluted peptides or fusion products between
DCs and GB cells) may reduce the risk of tumor escape due to
antigen-loss variants. An example of such escape has been provided
by the recent results of a clinical trial targeting a tumor-associated
antigen created by a large deletion of the epidermal growth fac-
tor receptor (EGFR)-coding gene (EGFRVIII), which is expressed
by 25-30% of GB patients. Vaccinated patients demonstrated an
increased survival rate that was correlated with increased anti-
EGEFRVIII antibody titers. Notably, recurrent tumors were devoid
of GB cells expressing EGFRVIII, due to tumor immunoediting.’

Most clinical studies have emphasized the role of CD8* T cells
in antitumor immune responses as elicited by DC-based immu-
notherapy.®!” Although it has been suggested that CD56* natural
killer (NK) cells play a role in such responses," the capacity of
these cells in exerting beneficial effects against gliomas (and pos-
sibly other tumors) has not been fully evaluated. NK cells are
large, granular lymphocytes belonging to the innate immune sys-
tem. Unlike T or B lymphocytes, NK cells do not possess rear-
ranged T-cell receptors or immunoglobulin genes and instead
kill target cells based on the absent expression of MHC Class I
molecules.”” DCs have been recognized as major players in the
regulation/initiation of both innate and adaptive immunity.'*'
Moreover, resting NK cells can be primed by the production and
trans-presentation of interleukin (IL)-15 by DCs."

In this study, we report the results obtained with 15 patients
affected by recurrent GB receiving a DC-based vaccine and stress
the relevance of NK cells in inhibiting tumor growth in the con-
text of DC-based immunotherapy.

Results

Generation of mature and functionally active DCs. Mononuclear
cells were isolated from the circulating blood of patients using an
apheresis unit. An average of 9.2 x 10° cells was obtained (range
3.8-20.0 x 10°). The mean percentage of CD14* cells was 17.9%
(range: 8—40%), and the mean yield of CD14* cells was 2.0 x 10°
(range: 0.5-3 x 10%). After immunomagnetic separation, cell via-
bility was evaluated and the cells were characterized with anti-
CD3 and anti-CD14 monoclonal antibodies by flow cytometry
(data not shown). The purity of DCs was consistently greater
than 85% (mean: 91.7 % 1.0), and the monocyte-to-mature DC
(mDC) conversion factor was 12.0 + 4.0%.

The quality of DCs was controlled before maturation by
measuring the expression of CD14, CD80, CD83, CD86 and
HLA-DR. Both CD83 and the co-stimulatory molecules CD86
and CD80 were upregulated in mDCs (responding to pro-inflam-
matory cytokines) as compared with immature DCs (iDCs)
(Table S1). In particular, the expression of the monocytic marker
CD14 decreased from 43.5 + 23.9% in iDCs to 12.2 + 8.5% in
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mDCs upon pulsing with tumor-cell lysates (p = 107), and the
expression of the CD83 marker increased from 7.1 + 9.9% in
iDCs to 65.1 + 8.9% in mDC:s after pulsing (p < 10""). HLA-DR
levels were consistently high. The viability of the final cell prepa-
ration was assessed by trypan blue exclusion and was consistently
greater than 86%.

The generation of mature and functionally active tumor-cell
lysate-loaded DCs was confirmed by a mixed lymphocyte reaction
(MLR) and proliferation assay with [?’H] thymidine (Fig. S1).

To rule out the presence of viable tumor cells in the lysates,
experiments were performed to determine the optimal sonication
time. Aliquots of the tumor homogenate did not grow in culture,
and no tumor growth was detected in immunodeficient mice 6 mo
after the sub-cutaneous injection of human tumor-cell lysates.

Tumor volume and Karnofsky Performance Score affect
patient survival. The principal schedule and data related to vac-
cination and survival are shown in Figure 1A and Table 2. The
median follow-up period was 8 mo (range: 5-51), after which
all patients died. Patient 6 died of heart failure following dis-
ease progression and was assessed radiologically, whereas all other
patients died upon tumor progression.

Seven patients completed all scheduled vaccinations, and eight
patients discontinued treatment after at least four vaccinations
(one because of intratumoral bleeding before progression and
seven because of disease progression). Six patients already dem-
onstrated evidence of tumor progression at the time of the first
vaccination. Four of the progressing patients (patients 6, 7, 9 and
10) were treated with bevacizumab (10 mg/kg every two weeks),
one with lomustine (100 mg/m?* every 6 weeks) and one with
temozolomide (150 mg/m? every 4 weeks). The remaining
patients received no further treatment.

At the time of the first vaccination, the median tumor volume
was 18.6 cm®. We then used a threshold of 20 cm?® to identify
patients with large tumors (volume = 20 c¢m?) or small tumors
(< 20 cm?). Seven patients had residual tumors < 20 cm? and the
remaining patients had tumors = 20 cm?® (mean volume = 6.5 cm?,
range: 0—18.2 cm®vs. meanvolume=314.2 cm?, range: 32.5-732.7,
respectively; p = 0.0203). Patient 9 had no residual tumor,
according to magnetic resonance imaging (MRI).

Two months after the first vaccination, a clear increase in
tumor volume (ranging from 180% to 620%) was observed in
patients manifesting disease progression, whereas a slight increase
in tumor volume (ranging from to 2.3% to 23%) occurred in
most of the remaining patients. For the latter group, because the
increase in tumor volume was < 25%, the disease was defined as
stable according to the MacDonald criteria.

Nine months after the first vaccination, an MRI performed on
patient 3 showed a 187% increase in tumor volume, indicating
disease progression. Although the neurological condition of the
patient was unchanged, she received two further vaccinations.
Without changing the steroid dosage, 5 mo later, the tumor vol-
ume had decreased by 58% and remained unchanged for the fol-
lowing 30 mo.

Amongall patients, the median OS was 8 mo (range: 5-107 mo).
The OS at 6 and 12 mo (OS-6, OS-12) was 87% (95% CI:
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Figure 1. Tumor volume and Karnofsky Performance Score affected patient survival. (A) Treatment schema for patients 1-6 (top) and for patients 7-15
(bottom). (B) Kaplan-Meier analysis correlating tumor volume with progression-free survival (PFS) and overall survival (OS). Median PFS of patients
with small (< 20 cm?®) vs. large (= 20 cm?) tumors: 6 mo vs. 3 mo (n =8 vs. n = 7; p = 0.01); median OS: 16.5 mo vs. 7 mo (n =8 vs.n =7; p = 0.003).

(C) Kaplan-Meier analysis of the correlation between Karnofsky Performance Score (KPS) with PFS and OS. Median PFS of patients with high KPS
(=70,n=9) vs. low KPS (< 70, n = 6): 5 mo vs. 2.5 mo (p = 0.005); median OS: 12.5 (high, n =9) vs. 7 mo (low, n = 6) (p = 0.4).

69-103%) and 33% (95% CI: 9.5-57%), respectively. The median
progression-free survival (PFS) was 4.4 mo (range: 1-22), and the
PES at 6 mo (PFS-6) was 27% (95% CI: 4.3—49%).

PFES and OS were not affected by the following clinical
parameters: age > 40 y; age > 60 y; immunotherapy schedule;
steroid dosage at the first vaccination and the presence of progres-
sion at the first vaccination (5.7 + 4.1 mg vs. 0.5 + 0.9 mg; p =
0.0036). Furthermore, patients with a tumor volume < 20 cm?®
(PES: p = 0.01; OS: p = 0.003) and a Karnofsky Performance
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Score (KPS) > 70 (PES: p = 0.005; OS: p = 0.4,) survived longer
than the rest of the patient cohort (Fig. 1B and C).

DC immunotherapy leads to NK-cell responses in a frac-
tion of patients. The first vaccination led to an increase in the
frequency of circulating NK cells in patients 2, 3, 6,9, 10 and 14
(Fig. 2A), which further augmented after the second vaccination.

The peripheral blood lymphocytes (PBLs) of these patients
exhibited increased expression levels of E4BP4 and interferon vy

(IFENY), as measured by real-time PCR (Fig. 2B and C). This
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Figure 2. Patients with increased frequencies of natural killer (NK) cells showed an increased expression of E4BP4 and interferon +y. (A) The time course
of NK-cell frequency evaluated by flow cytometry shows a significant increase in some patients (n = 6, blue line) but not in others (n = 8, red line).

(B and C) The time course of E4BP4 and interferon vy (IFN+y) expression levels as evaluated by real-time PCR shows a significant increase in patients with
increased NK-cell frequency (n = 3, blue line) but not in others (n = 6, red line) (*p < 0.01, **p < 0.001, ***p < 0.0001 vs. first vaccination). (D and E) Flow
cytometry histograms of IFN+y production by CD3*CD8* T cells and CD3-CD56* NK cells from patient 9 and patient 11.

increased expression was significant after the first vaccination.
However, no changes in the percentages of NK cells and signifi-
cant reductions in the expression levels of E4BP4 and IFNy were
observed in the other patients.

To define NK cells as the immune effector cells responsible for
increased IFNvy expression, we performed intracellular staining
on PBL samples. Flow cytometry was used to measure the pro-
duction of IFNy from CD8* T cells and NK cells, although this
evaluation could only be performed on 4 patients.

An example of one immune responder (patient 9) and one
non-responder (patient 11) is shown in Figure 2D and E. We
found that NK cells, but not CD8* T cells from patient 9 con-
tributed to the upregulation of IFNy expression as observed by
real-time PCR. In patient 11, neither CD8* T cells nor NK cells
produced IFNYy after vaccination.

The complete immune monitoring of patient 9 and 11 is
shown in Figure 3, and the corresponding MRI data are shown
in Figure 4.

In patient 9 (prolonged survival), we also observed a rapid
increase in CD3-CD56* NK cells after the first vaccination. This
primary expansion was followed by a slight decrease in the per-
centage of NK cells, perhaps corresponding to a primary NK-cell
memory response, as suggested by the parallel increase in IL-12
(Fig. 3A). NK cells underwent a secondary expansion after the
fourth vaccination, and, 24 weeks after the final vaccination, a
constant percentage of NK cells remained. The increase in NK
cells during immunotherapy was accompanied by increased
E4BP4 expression, which was evaluated by real-time PCR
(Fig. 3B). After the first vaccination, the upregulation of IFNy
was associated with a rise in NK (but not CD8* T) cells (Fig. 3C).
In this patient, there was also a slight increase in CD8* T cells
after the first vaccination and then a subsequent decrease, which
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was not influenced by further DC administrations. Furthermore,
an increase in granzyme B after the fifth vaccination was associ-
ated with an increase in NK cells at the same time point (Fig. 3C).

In patient 11 (short survival), we did not observe changes in
CD3-CD56* NK cells, nor in E4BP4, IFNvy and granzyme B
expression levels (as assessed by real-time PCR) upon vaccina-
tion (Fig. 3D-F). CD8* T cells were also stable during treat-
ment (Fig. 3F). Two other patients (patient 2 and 3) displayed
increases in CD8* T cells and NK cells. For patient 2, we per-
formed the JAM assay to demonstrate specific cytotoxicity
(Table S3; Fig. S2). The immune monitoring results of all of
patients are reported in Table S3.

NK-cell frequency and other immunological parameters
correlate with extended survival. To further investigate the effi-
cacy of immunotherapy treatment, we correlated PES and OS
with NK-cell frequency and the serum levels of transforming
growth factor (TGF)B1 and 2, vascular endothelial growth fac-
tor (VEGF) and IL-12. An increased vaccination/baseline (V/B)
ratio of NK cells and a decreased V/B ratio of TGFB2 (but not
TGEFp1) and VEGEF significantly correlated with patient survival
(Fig. 5A-C). Specifically, PFS and OS were significantly longer
in patients with a high NK cell V/B ratio and shorter in patients
with high TGFB2 and VEGF V/B ratios. The IL-12 V/B ratio
was significantly correlated with PFS, but not OS (p = 0.035 and
p = 0.4, respectively; data not shown), and CD8* T cell responses
did not influence the clinical outcome.

In agreement with previous data, using the Spearman’s rank
correlation test, we found statistically significant correlations
between the following factors: (1) NK cells vs. TGFB2 (p = 0.05)
or VEGF (p = 0.02) V/B ratio; (2) TGFB2 vs. VEGF (p = 0.007)
or IL-12 (p = 0.01) V/B ratio and (3) VEGF vs. IL-12 (p = 0.04)
V/B ratio.
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Figure 3. Time course of the immunological parameters observed for patient 9 (prolonged survival) and patient 11 (short survival). (A-F) Data for
patient 9 (A-C) and patient 11 (D-F) are shown. Each time point represents the natural killer (NK) and CD8* T-cell frequency; Interferon -y (IFNv), E4BP4
and granzyme B expression levels as well as interleukin-12 (IL-12) serum levels are expressed as means + SD (*p < 0.01, **p < 0.001, ***p < 0.0001).

A multivariate analysis of biological, clini-
cal and radiological parameters that were
found to influence PFS and OS in univariate
analyses demonstrate that the NK cell V/B
ratio is an independent factor influencing PFS
(p = 0.04, RR 11.59; 95% CI: 1.09-122.3)
and that tumor volume is an independent fac-
tor influencing OS (p = 0.02, RR 7.2; 95% CI:
1.26-41).

Discussion

As outlined in the introduction, a number of
Phase I-II clinical studies based on DC-based
vaccination in GB patients have been com-
pleted with promising results” Our data con-

firm several findings and reveal novel data,

although several aspects warrant discussion
and should be emphasized, including the qual-
ity of infused DCs, tumor size and the role of
NKand CD8* T cells.

Our protocol for DC preparation included

Figure 4. Magnetic resonance imaging of patient 9 (prolonged survival) and patient 11
(short survival). (A and B) MRI findings for patients 11 (disease progression) and 9 (stable
disease) after 6 mo of follow-up. Axial T2W and post-contrast TIW images (right panels and
left panels for each patient, respectively) are shown before surgery (upper panels) and 6 mo
after the subtotal resection of the lesion and vaccination therapy (lower panels).

the use of immunomagnetic separation with
CliniMacs. As reported in previous works, this method facilitates
a standardized preparation of DCs that are compatible with good
manufacturing practice (GMP) standards.'®"”

The degree of maturation, which is critical for the activation of
T cells as mediated by the nuclear factor kB (NFkB),' was evalu-
ated according to the expression of the CD83 marker" during the
different stages of DC preparation (Table S2). However, DCs
were not fully matured until their final state, as previous studies
have shown that terminally differentiated DCs are less responsive
to cytokine stimuli, such as IL-12.%° IL-12 is important for both
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the polarization of T-cell responses toward a T 1 profile and the
generation of cytotoxic immune responses.”’ In our experiments,
prostaglandin E, (PGE,) was added to the maturation cocktail
to avoid the ex vivo production of IL-12, which may favor DC
exhaustion.”? An ELISA assay performed on the supernatants
from mature DCs confirmed the failure of these cells to produce
IL-12 ex vivo (data not shown).

In terms of safety, the treatment was mostly well tolerated.
In one patient, however, clinical and radiological findings
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Figure 5. Patient survival correlated positively with the vaccination/base-
line (V/B) ratio of natural killer-cell frequency and negatively with the V/B
ratio of transforming growth factor 32 and vascular endothelial growth
factor. (A-C) Kaplan-Meier analyses show the correlations with pro-
gression-free survival (PFS) and overall survival (OS) for the natural killer
(NK)-cell V/B ratio (A) [median PFS: 8 mo (high, n =7) vs. 3 mo (low, n = 7),
p = 0.004; median OS: 16.5 mo (high, n =7) vs. 7 mo (low, n = 7), p = 0.02]
and transforming growth factor 32 (TGFB2) and vascular endothelial
growth factor (VEGF) V/B ratio (B and C) [median PFS 8.5 mo (low, n = 4)
vs. 2 mo (high, n =5), p = 0.035; median OS 16.5 mo (low, n = 4) vs. 7 mo
(high, n =5) p=0.02].

indicated the presence of hydrocephalus. As we could not find
evidence of any mechanical obstruction of cerebrospinal fluid
circulation, we suspect that some degree of ependymitis was
present in association with an extreme response to the treatment.
The tumor volume at the time of vaccination, as measured
in T1-weighted images after contrast enhancement, was corre-
lated with survival rates. As expected, patients with larger tumors
required more dexamethasone during the first cycle of vaccina-
tion, which presumably had a negative impact on DC maturation
and activity.”? The negative, dose-dependent influence of bulky
GBs has previously been reported during DC immunotherapy.*
Moreover, antitumor immunity may develop more effectively in
the presence of small tumors, a theory that has been mathemati-
cally modeled in the case of adoptive immunotherapy for GB.»
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Patient follow-up data collected during this study provided
much of the relevant immunological information. In two of
the patients showing a PES higher than the median value, we
observed an increase in CD8* T and NK cells following DC
vaccination. In patients responding to treatment, however, the
rise in NK, but not CD8" T, cells was associated with prolonged
survival. In a Phase I clinical trial based on autologous DCs
loaded with a vector encoding the carcinoembryonic antigen
(CEA), NK-cell responses following DC vaccination correlated
more closely with the clinical outcome that T-cell responses.
Furthermore, the activity and frequency of NK cells increased
in patients with stable or absent disease, whereas anti-CEA
T-cell responses were higher in patients undergoing disease
progression.”® Studies using a murine model to compare the
abilities of DCs and recombinant adenoviruses to elicit antitu-
mor protection report that DCs provide consistent antitumor
activity, as they can optimally engage NK cells as an addi-
tional effector mechanism.?” Interestingly, the initial results of
a Phase I-1I study of DC immunotherapy in 10 patients with
high-grade gliomas point to an increased frequency of CD56*
NK cells after vaccination, although no correlation between
such an increased frequency and survival was observed." The
interaction between DCs and NK cells is very important in
antitumor immunity. In particular, human DCs have been
found to stimulate IFNYy secretion by NK cells via the produc-
tion of IL-12.%%% Furthermore, IFNvy production by NK cells
is known to promote antigen processing and presentation to
T cells as well as T ;1 cell polarization.”’

A fraction of GB cells may express stem cell programs, and
these GB stem-like cells play a critical role in tumor perpetu-
ation and resistance to treatment. TGFB may be one impor-
tant driver of self-renewal in these cells.” In vitro studies have
indicated that NK cells may target GB stem-like cells, as they
express various ligands that activate NK-cell receptors but not
MHC Class I molecules.*

Overall, our findings as well as those from other studies
recently reviewed by Lion et al.** suggest that CD56* NK cells
play a positive role in GB. This hypothesis is further confirmed
by the concomitant upregulation of IFN'y, the major cytokine
released by NK cells,** and E4BP4, a leucine zipper transcrip-
tion factor that is essential for the development the NK cell

lineage,** observed in GB patients responding to our DC-based
vaccination.

Furthermore, patients with increased NK-cell responses dem-
onstrated decreased levels of TGFB2. TGFp is the major immu-
nosuppressive cytokine produced by GB cells’” and may play a
role in limiting the effector functions of NK and CD8* T cells by
downregulating the expression of NKG2D.%

In human retinal cells, TGFB2 also regulates the expression of
the pro-angiogenic factor VEGE.* In our study, we found a sig-
nificant correlation between the TGFB2 and VEGF V/B ratios.
Recently, the transcriptional profiling of human GB vessels sug-
gested a key role for TGFB2 and VEGF-A in vascular “abnormal-
ization.™ Thus, our observations as well as those from previous
studies emphasize the relevance of the coupled regulation of
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Table 1. Patient characteristics

Patient Age/Gender Tumor size at 1*' vaccination Steroids at 1* vaccination KPS trr;':t‘:\:‘::t* Other treatments before IT
1 51/F >20cm? 12 mg 30 S,R,C Fotemustine
2 42/M >20cm? 8 mg 70 S,R,C Diphtheric toxin
3 64/F <20cm? 0 50 S, R, C** Fotemustine + mtx
4 46/M >20cm? 2 90 S,R,C TMZ + Enzast
5 17/F <20cm? 2 80 S, R, C*** None
6 64/F <20cm? 0 90 SR, C T™Z
7 39/F <20cm? 36 gtt 80 S,R,C None
8 49/F >20cm? 4 mg 50 S,R,C Ir + Bev
9 56/M <20cm? 0 90 S,R,C None
10 26/F <20cm? 0 90 S,R,C None
1 56/M >20cm? 8 mg 60 S,R,C TMZ mn + Tal
12 58/F >20cm? 0 60 S,R,C Gliadel; Ir + Bev.
13 56/M >20cm? 6 mg 60 S,R,C PHA-848125AC
14 54/M <20 cm? 0 70 SR, C TMZ+CCNU
15 33/F <20cm? 0 80 S,R,C None

S, surgery; R, radiotherapy; C, chemotherapy; IT, immunotherapy; mtx, mitoxantrone; enzast, enzastaurin; I, irinotecan; bev, bevacizumab;
TMZ mn, metronomic temozolomide; Tal, thalidomide. *with TMZ, unless otherwise indicated; **with cisplatin plus bis-chloroethylnitrosourea;

***with cisplatin plus TMZ.

TGFR2 and VEGF expression in neo-angiogenesis and immune
suppression. 4

Our study also reported a significant, positive influence of
NXK-cell responses (i.e., high V/B NK cell ratio) on survival,
particularly PFS, which is an interesting observation given that
OS may be influenced by subsequent treatments, notably the
anti-VEGF antibody bevacizumab. The patients who survived
longer (patients 3 and 8), however, did show signs of CD8"
T cells responses. This intriguing finding suggests that CD8"
T cells may be involved in DC-mediated anti-glioma responses.
The mechanisms that favored CD8* T cell responses in these
two patients remain unclear. Furthermore, recent data suggest
that the genetic signature of GB may influence the outcome of
DC immunotherapy,” and systems biology tools may increase
our understanding of the interactions between tumor cells and
immune system, as recently reported.* In particular, it is likely
that systems vaccinology, which combines transcriptional profil-
ing with flow cytometry, proteomics and transcriptomics, may
allow for the identification of appropriate biomarkers that are
associated with therapeutic immune responses.®*

Encouraging data have emerged regarding the possibility that
the combination of immunotherapy and chemotherapy might
result in optimal antitumor responses, particularly T cell-based
responses.”” In GB, the potential efficacy of combining immuno-
therapy with the anti-VEGF antibody bevacizumab, which has
previously been shown to exert significant effects on recurrent
GB,* was highlighted by the observation that VEGF inhibits DC
maturation and tumor-infiltration by lymphocytes.®** The anti-
CTLA4 antibody ipilimumab may also result in increased T-cell
responses when used in association with DC immunotherapy, as
recent data provided indirect evidence that ipilimumab may per-
meate the blood brain barrier and have an effect on melanoma

www.landesbioscience.com

Oncolmmunology

brain metastases.”! Furthermore, DC immunotherapy combined
with temozolomide-based chemotherapy has provided promising
results in the clinical setting. Temozolomide is already a part of
the standard treatment for GB,** and both preclinical observa-
tions and preliminary clinical data suggest that the combination
of temozolomide with immunotherapy may result in the develop-

ment of antitumor T cell responses.”>

Material and Methods

Patients. Fifteen patients with relapsing GB were considered for
this study. Patients 1-6 were treated on a compassionate basis.
Patients 7-15 were included in a subsequent Phase I study that
was authorized by national authorities and the local ethical com-
mittee, based on encouraging data obtained from patients 1-6.
All of the patients provided informed consent, had a diagnosis
of recurrent GB, underwent radiotherapy and chemotherapy,
had a life expectancy of at least 3 mo and were not affected by
autoimmune and infectious diseases. The clinical features of the
patients are summarized in Table 1, and their main genetic fea-
tures are summarized in Table S1. The median age at the time of
vaccination was 46 y (range: 16—64), and the median KPS was
70 (range: 30-90). DC immunotherapy started after the third
surgery in 4 patients, after the second surgery in 10 patients and
at the time of MRI relapse in 1 patient (patient 6). After the
first histological diagnosis of GB (according to WHO criteria),
all patients received standard therapy, which consisted of con-
ventional radiotherapy (standard dose 60 Gy) and chemotherapy
(temozolomide according to Stupp’s protocol or nitrosoureas),
followed by second- or third-line treatments (fotemustine, mito-
xantrone, enzastaurine, diphtheria toxin). Within 72 h after the
surgery, all patients were subjected to MRI examination with
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Table 2. Outcomes of dendritic cell-based immunotherapy

Patient No. of vaccinations Amount of DCs (x 10°)  PFS (mts)
1 3 40 3
2 3 40 8
3 5 60 7
4 3 40 4.5
5 6 60 4
6 5 60 22
7 4 25 5
8 4 25 1
9 7 55 14
10 5 35 12
1 5 35 2
12 5 35 2
13 4 25 3
14 6 45 4
15 4 25 5

0S (mts) Adverse events
7.5 Anemia grade I, Fever, Cutaneous enduration at IS
12.5 Fever, Cutaneous flushing at IS
51 Anemia grade I, Fever, Cutaneous enduration at IS
7 Fever, Cutaneous flushing at IS
1.5 Cutaneous flushing at IS
25 Fever, Cutaneous flushing at IS
16.5 None
5 None
17.5 Hydrocephalus
16.5 None
7 Seizures, Cerebral edema
7 Seizures
6 None
7 Seizures
8 Tumor bleeding

DC, dendritic cell; IS, injection site; PFS, progression-free survival; OS, overall survival.

contrast enhancement. The exam showed residual tumors in
14/15 patients. Leukapheresis was performed within 4 weeks of
the surgery. During this time, patients received a maintenance
dose of glucocorticoids (4 to 12 mg of dexamethasone) and anti-
epileptic treatments.

Clinical grade generation of DCs from peripheral blood.
PBMCs were obtained from the circulating blood of patients
(n = 15) without the administration of mobilizing treatments,
using an apheresis unit (COBE Spectra System). The isolation of
CD14* monocytes was performed by immunomagnetic labeling
of the target cells followed by automated separation using the
CliniMACS® Technology (Miltenyi Biotec), according to the
manufacturer’s instructions. The viability of immunoselected
CD14* cells was assessed using trypan blue and a Biirker cell
counting chamber. Cells were stained with anti-human CD3 and
CD14 monoclonal antibodies (BD Biosciences) for 30 min at
4°C, washed and analyzed using a FACSVantage or FACSCalibur
flow cytometer (Becton Dickinson). CD14* cells were cultured
in Teflon bags (VueLife Teflon bags, CellGenix) up to a final
concentration of 3 to 5 x 10° cells/mL for 5 d at 37°C and 5%
CO,. The CellGrow medium supplemented with 50 ng/mL
granulocyte macrophage colony-stimulating factor (GM-CSF)
and 20 ng/mL IL-4 (clinical grade products by CellGenix) was
used for cell culture. On day 5, iDCs were cultured for 20-24
h with autologous tumor lysates (50 g of protein/10° cells) in
the presence of 50 pg/mL keyhole limpet hemocyanin (KLH,
Calbiochem), 25 ng/mL GM-CSF and 10 ng/mL IL-4. DCs
were matured with 1 wg/mL PGE, (Pfizer) and 10 ng/mL clini-
cal grade tumor necrosis factor o, 10 ng/mL clinical grade IL-1B
and 800 U/mL clinical grade IL-6 (all from CellGenix) for 24 h.
The viability of the final product was determined using trypan
blue and a Biirker cell counting chamber. Cells with a viability
> 75% were used. The phenotype of cells was analyzed by flow
cytometry using anti-human CD14, CD83, CD80, CD86 and
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HLA-DR monoclonal antibodies, following standard staining
procedures.

Preparation of tumor-cell lysates. Portions of the tumor mass
were dispersed using a disposable scalpel to produce single-cell
suspensions. Large particles were removed by three consecutive
centrifugations (5 min, 400 x g), and disaggregates tissues were
passed through filters with decreasing pore sizes (70, 50 and
30 wm diameter, Filcons Becton Dickinson). Aliquots were taken
for cell counting and viability staining using trypan blue exclu-
sion and a Biirker cell counting chamber. The suspension was
lysed by sonication using an ultrasonic cleaning unit (Elmasonic,
Elma) for 90 min. The aliquots were plated for at least one week
in RPMI medium to rule out cellular growth in culture. For a
similar aim, the tumor-cell lysates (50 jLg proteins) from patients
1-4 were injected subcutaneously into nude mice (3 mice per
tumor). Protein content was determined using a MicroBCA assay
(Pierce Biotechnology). Aliquots of the lysates were analyzed for
sterility and the exclusion of adventitious viral contamination
(adenovirus 5 and human herpesvirus I).

Safety tests. Before injection, mature DCs were tested to
exclude bacterial, fungal, mycoplasma and adventitious viral con-
tamination (adenovirus 5 and human herpesvirus I). In addition,
endotoxin levels were evaluated and never exceed 2.86 IU/mL.

Vaccinations. After informed consent and approval of the
Ethical Committee of the Istituto Neurologico Besta was
obtained, DCs were prepared as described and cryopreserved in
sterile 0.9% sodium chloride solution supplemented with 5%
human albumin and 10% dimethylsulfoxide, using a controlled-
rate freezing method (1 x 107 DCs/mL/vial). Patients 1, 2, 3, 4
and 6 received three biweekly intradermal injections of 20 x 10°
(first vaccination) and 10 x 10° DCs (second and third vacci-
nations). Patient 3 was treated with two further monthly injec-
tions (with 10 x 10° DCs each) 9 mo after the third vaccination.
Patient 6 also received one further injection of 10 x 10° DCs at
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progression, which was 9 mo after the third vaccination. Patient
5, who was 17 years old at the time of recurrence, was treated at
the Pediatric Hemato-oncology and Neuro-oncology University
Hospital Gasthuisberg and received four weekly injections (with
10 x 10° DCs each) followed by two monthly vaccinations (with
10 x 10° DCs each).

Patients 7—15 were scheduled to receive seven vaccinations.
Vaccinations 1-4 were given at 2-week intervals followed by two
monthly vaccinations and a final vaccination 2 mo after the sixth
vaccination. The first, fifth, sixth and seventh vaccines contained
10 x 10° DCs, while the other courses contained 5 x 10° DCs.

Surface staining of PBMCs. The immune status and responses
were assessed before the treatment, after each vaccination and
at the end of the treatment. T-cell subsets were monitored by
flow cytometry using anti-CD3-VioBlue, anti-CD4-FITC and
anti-CD8-APC and anti-CD56-PE  monoclonal antibodies
(Miltenyi Biotec). The time course of the CD3*CD8* T-cell and
CD3-CD56* NK-cell analyses, which were performed on whole
blood, was monitored in 14 patients (not in patient 5). Briefly,
100 pL of whole blood was incubated with 10 pL of conjugated
primary antibodies for 10 min at 4°C. The lysis of erythrocytes
and the fixation of stained leukocytes were performed using the
Uti-Lyse Erythrocyte Lysing Reagent (Dako) according to the
manufacturer’s instructions for the “no wash” staining proce-
dure. Acquisition analyses were performed using a MACSQuant
analyzer and MACSQuantify Software (Miltenyi Biotec). An
acquisition gate for lymphocytes was defined according to the
side scatter vs. forward scatter parameters, and 5,000 events were
acquired for each sample.

Intracellular staining of PBLs. PBLs from patients 9, 10, 11,
14 (frozen before and after each vaccination), were thawed and
grown in RPMI 1640 containing 10% heat-inactivated FBS,
100 U/mL penicillin, 100 U/mL streptomycin, 100 pg/mL glu-
tamine, 0.1 mM non-essential amino acids, 1 mM sodium pyru-
vate, 50 wM B-mercaptoethanol and 10 U/mL IL-2 (Roche).
After 24 h, cells were stimulated for 6 h with 0.25 wM iono-
mycin and 10 ng/mL phorbol myristate acetate (PMA) in the
presence of 10 U/mL IL-2 (Roche). Cell surface antigens were
stained prior to fixation using anti-CD3-VioBlue, anti-CD8-
APC and anti-CD56-PE primary antibodies (Miltenyi Biotec).
The cells were then fixed and permeabilized using the BD
Cytofix/Cytoperm solution (BD Biosciences) and intracellularly
stained with an anti-IFNy-FITC (Miltenyi Biotec) antibody
according to the manufacturer’s instructions. The CD8*CD3*
and CD56*CD3" cells were gated and then analyzed by flow
cytometry for IFNvy production.

JAM assays. In patient 2, enough tumor cells were available
to evaluate tumor-specific effector responses using a JAM assay,
which is a simple method that measures apoptosis-associated
DNA fragmentation. PBLs were collected from this patient before
after DC injection and were stimulated in vitro for 6 d with irra-
diated autologous tumor cells in the presence of 10 U/mL IL-2
(Roche). Cytotoxic activity was determined by the specific frag-
mentation of [?H]-labeled DNA in autologous tumor targets at
different effector:target (E:T) ratios.
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ELISA assays. Pre- and post-vaccination blood samples were
collected from patients 7-15 into a serum separator tube contain-
ing no anti-coagulant. The serum levels of VEGF-A, TGFp1,
TGFP2 and IL-12 were evaluated using specific ELISA kits from
R&D Systems, according to the manufacturer’s instructions.

RNA extraction and real-time PCR. Total RNA from PBL
samples was extracted using Trizol (Life Technologies) and
reverse-transcribed using the High Capacity cDNA synthesis
kit (Applied Biosystems-Life Technologies). The expression of
E4BP4, granzyme B and IFNvy was analyzed by real-time PCR
with the TagMan method using an ABI PRISM 7900 real-time
PCR system (Applied Biosystems). RNA from baseline PBL
samples (Life Technologies) was used as a calibrator for the cal-
culation of fold expression levels using the AACt method. The
expression levels of target genes were normalized to the expres-
sion level of B2 microglobulin.

Magnetic resonance imaging (MRI). MRI was scheduled
within two days before the first vaccination, every 2 mo thereafter
or when clinical conditions were worsening. MRI was performed
using a 1.5T MR system (Siemens, Avanto) with an 8-channel
head coil and the following settings: axial T1-weighted images
with spin-echo (TE/TR = 9.1 ms/500 ms; FA = 70°; slice thick-
ness = 5 mm; no gap; matrix = 187 x 256; FOV = 230 x 187
mm; number of NEX = 2); axial turbo spin-echo T2- and pro-
ton density-weighted images (TE/TR = 39-79 ms/3,500 ms;
FA = 180°; slice thickness = 5 mm; no gap; matrix = 256 x 256;
FOV = 240 x 240 mm; NEX = 1) and coronal FLAIR (TT =
2,500 ms; TE/TR =121 ms/8,000 ms; FA = 150°; slice thickness
=5 mm; no gap; matrix = 149 x 320; FOV = 250x194 mm; NEX
=1). After the administration of the contrast medium (Gadovist,
0.1 mmol/kg), axial and 3D T1-weighted images (TE/TR = 4.24
ms/1,160 ms; FA = 15°% voxel size of 0.90 x 0.90 x 0.90, gap of
0.45 mm; matrix = 192x256; FOV = 230x172.5 mm; NEX = 1)
were acquired.

Tumor volumes were determined on the 3D post-gadolinium
T1l-weighted images by manually outlining the enhancing por-
tion of the lesion using MRIcro (www.mricro.com). To calculate
the total enhancing volume of the tumor, the number of enhanc-
ing voxels was multiplied by the voxel size. Disease progression
was defined according to the McDonald criteria (RANO crite-
ria®® were not available when this study began).

Statistical analyses. Differences between immunological
markers, clinical parameters or treatment responses were assessed
using the Wilcoxon-Mann-Whitney test. The Wilcoxon signed
rank test was used to test the significance of differences between
markers at various time points. All p values were two-sided. The
correlations between different immunological parameters were
assessed using Spearman’s rank correlations.

The ratio of the third vaccination/baseline values (V/B ratio)
of all of the immunological parameters for each patient was cal-
culated, and the median of all of the observations was used as the
cut off value to separate patients into the “low” or “high” groups.

PES was calculated from the last surgery until disease pro-
gression and death/last follow-up, if censored. OS was calculated
from the last surgery to death/last follow-up, if censored. The
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Kaplan-Meier analysis was used to estimate PFS and OS. The
Log-rank test was used to test the differences in PFS or OS in
patients with different clinical, radiological or immunological
parameters.

A multivariate analysis and a Cox proportional hazard
regression model analysis were performed on the variables
showing statistically significant differences in univariate analy-
ses, in order to investigate their independent prognostic role.
All statistical analyses were performed using MedCalc version
12.3.
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