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Abstract The prognosis of malignant gliomas remains
dismal and alternative therapeutic strategies are re-
quired. Immunotherapy with dendritic cells (DCs)
pulsed with tumour antigens emerges as a promising
approach. Many parameters influence the efficacy of
DC-based vaccines and need to be optimised in pre-
clinical models. The present study compares different
vaccine schedules using DCs loaded with tumour cell
lysate (DC-Lysate) for increasing long-term survival in
the GL26 orthotopic murine glioma model, focusing on
the number of injections and an optimal way to recall
antitumour immune response. Double vaccination with
DC-Lysate strongly prolonged median survival com-
pared to unvaccinated animals (mean survival
87.5 daysvs. 25 days; p < 0.0001). In vitro data showed
specific cytotoxic activity against GL26. However, late
tumour relapses frequently occurred after 3 months and
only 20% of mice were finally cured at 7 months. While
one, two or three DC injections gave identical survival, a
boost using only tumour lysate after initial DC-Lysate
priming dramatically improved long-term survival in
vaccinated mice, compared to the double DC-Lysate
group, with 67.5% of animals cured at 7 months (p <
0.0001). In vitro data showed better specific CTL re-
sponse and also the induction of specific anti-GL26
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antibodies in the DC-Lysate/Lysate group, which
mediated Complement Dependent Cytotoxicity. These
experimental data may be of importance for the design
of clinical trials that currently use multiple DC injec-
tions.
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Introduction

Malignant gliomas represent about one-third of all
adult primary brain tumours. The prognosis of human
malignant glioma remains poor with an overall 2-year
survival rate of less than 10% and a median survival
time of about 1 year for higher grade tumours such as
glioblastoma [1]. Alternative therapeutic approaches to
surgery, radiotherapy and chemotherapy are required
to improve patient survival. Recent insights into neu-
roimmunology provide evidence of the immunocom-
petence of the brain even in the case of tumour
development [2, 3], thus opening new hopes for
immunotherapy. Potential antigen presenting cells, that
is, microglia and clonally expanded CD8+ cytotoxic T
lymphocytes (CTL) mostly tumour-specific, have been
described in glioma [2-5]. Glioma cells do not express
MHC class II molecules, but weakly express MHC
class T molecules and are sensitive to Fas/fas ligand
pathway [2]. Over the past three decades, the stimula-
tion of the immune system by systemic or local intra-
tumoral injections of cytokines (TNF «, IFN f, IL-2...)
[6, 7] or adoptive transfer of effector cells [lymphokine-
activated-killer cells (LAK)] [8, 9] were investigated in
glioma patients without demonstrating reproducible
clinical benefit. Neither did experiments involving vac-
cination strategies [10, 11]. Successful manipulation of
the host immune response to glioma tumours is ham-
pered by multiple mechanisms of immune dysregulation
such as the secretion of inhibitory factors (TGF f,
prostaglandin E2 and IL10), the poorly antigenic



character of these tumours, the inefficiency of tumour
antigen presentation, the absence of CD4+ helper re-
sponse [2—4, 12].

Dendritic cells (DCs) play a crucial role during the
priming of antitumour-specific immune response [13,
14]. Accumulating evidence suggests that DC functions
are altered in cancer patients and that peripheral
vaccination with in vitro generated DCs loaded with
tumour antigen can be a promising approach to over-
come the local immunosuppressive context. Preclinical
and clinical observations have shown that DC-based
immunotherapy may be efficient to control cancer
development in melanoma [15, 16], or renal cell carci-
noma [17] and even in glioma [18-24]. However, clinical
trials have produced contrasted results and no definitive
conclusion can be drawn about the real efficacy of this
approach [25, 26]. Basic questions, concerning the
design of optimal vaccine protocols for DC therapy, are
currently unresolved. The present study compares
vaccine protocols using DCs pulsed with tumour cell
lysate in an orthotopic murine glioma model (GL26).
We especially focused on the number of DC vaccina-
tions and on the optimal way to recall in vivo antitu-
mour immune response. Our results strongly suggest
that multiple vaccinations with DCs are efficient but do
not elicit optimal long-term survival. In contrast, one
injection of DCs for the priming, followed by a boost
with tumour cell lysate alone, generates the most
effective antitumour effect. This protocol allowed a
better CTL response and also triggered an antitumour
humoral response through complement-mediated cell
lysis.

Materials and methods
Animals

Female C57Bl/6 mice purchased from Charles River
laboratories (I’Arbresle, France) were bred under path-
ogen-free conditions at the animal facility of our insti-
tute. Animals were treated in accordance with the
European Union guidelines and French laws for the
laboratory animal care and use. All mice used in this
experimental study were 5-6-week old at the time of
tumour implantation.

Tumour cell line

Glioma cell line GL26 was kindly provided by the
National Cancer Institute, USA. GL26 glioma is highly
tumorigenic in syngenic C57Bl/6 mice and is an ana-
logue to the GL261 cell line [27]. The GL26 cells ex-
press MHC class I but not MHC class II molecules
(data not shown). The expression of two melanoma-
associated antigens, tyrosinase-related protein-2 (TRP2)
and gpl00 have been recently described in the GL26
glioma [28].
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Implantation of brain tumour

Prior to injection, GL26 cells were harvested, washed
twice in PBS, counted, and adjusted to 10° cells in 5 pl of
PBS in a 25-gauge Hamilton syringe. Six-week-old syn-
genic C57Bl/6 mice were anaesthetised by intraperito-
neal (i.p.) injection of 200 pl (0.019 ml/g of weight) of a
mixture of xylazine (2.2%) and ketamine (6.5%). For
intracranial (i.c.) implantation of GL26, the needle was
positioned 2 mm to the right of the bregma and 4 mm
below the surface of the skull using a stereotactic frame
(Kopf instruments for small animals, Phymep, France),
and cells were implanted into the right frontal lobe in a
total volume of 5 pl. The injection was done very slowly
(1 pl/min), then the needle was left in place for 2 min
before removal to avoid liquid reflux. Animals were then
followed and euthanised for ethical reasons on the
occurrence of characteristic symptoms such as hunched
posture, reduced mobility and visible body weight loss.
In this model, the appearance of these signs reliably
predicted the time of death within 2 days of anticipation.
Therefore, this end point was used for survival studies.

DC generation and phenotypic analysis

The Dendritic cells were generated in vitro from syngeneic
mouse bone marrow precursors as described previously,
with minor modifications [29]. Briefly, murine bone
marrow cells were flushed from femurs and tibias of
C57BIl/6 mice or nude mice euthanized at 5 weeks. The
cells were depleted of red blood cells by hypotonic treat-
ment with 0.9% ammonium chloride for 5 min at room
temperature. After washing, B and T lymphocytes, MHC
class IT+ cells and granulocytes were labelled using rat
IgG monoclonal antibodies (mAbs) specific for murine
CD4, CDS8, CD45/B220, class II-Ia®>, GR1 (Becton-
Dickinson, Pont de Claix, France), then depleted using
immunomagnetic beads coated with sheep anti-rat IgG
(Dynal, Compiegne, France). Enriched bone marrow
progenitors were cultured in 24-well plates at 10° cells/ml
of RPMI 1640 medium supplemented with 5% foetal calf
serum (FCS), 20 ng/ml of murine recombinant GM-CSF
(PeproTech Inc., Rocky Hill, NJ, USA), and 20 ng/ml of
murine recombinant IL4 (PeproTech Inc.). Human re-
combinant Flt3-ligand at 5 ng/ml (PeproTech Inc.) was
added for the initial 3 days of culture to enhance the
proliferation rate of DC precursors. On day 3, aggregates
of proliferating DC precursors were harvested and re-
plated in 24-well plates at 2x10° cells/m] with complete
fresh medium containing 20 ng/ml of mGM-CSF and
mlIL4. On day 6, relatively immature DCs were obtained
as loosely adherent aggregates. These DCs were able to
mature after 6 h of incubation with 1 pg/ml of Ribomunyl
(Pierre Fabre Medicament, Boulogne, France) and 10 ng/
ml of yYIFN (RD Systems, UK).

The phenotype of harvested DCs was assessed by
flow cytometric analysis using FITC-conjugated or
phycoerythrin-conjugated mAbs to mouse MHC class
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II-1a°, CDl1l1c, CDI11b, CD80, CDS86 (Becton Dickin-
son). Cells were pre-incubated with 2.4G2 mAbs (rat
anti-mouse Fcy-RIII/II receptor mAbs) for 10 min at
4°C to block non-specific FcyR binding of labelled
antibodies, then incubated with the relevant mAbs for
30 min at 4°C. Isotype-matched mAbs were used in
parallel as negative controls. Prior to vaccination, flow
cytometric analysis was performed on a FACScan sys-
tem (Becton Dickinson) and data were analysed with
CellQuest-pro software. The quality of the DCs was
determined by the relative percentages of double
CDl1lc+/CDI11b+ cells among day-7 cultured bone
marrow cells. The maturity of the DCs was assessed
according to the percentage of expression of co-stimu-
latory molecules CD80 and CD86 and the level of
expression of MHC class II-1a®.

Mixed lymphocyte reaction (MLR)

Primary MLR were performed using day-6 cultured
DCs from C57BI/6 mice, unloaded (DCs only) or loaded
overnight with GL26 tumour cell lysate (DC-Lysate)
and allogeneic purified T cells. Purified T cells were
obtained from splenocytes of naive Balb-c mice by
selective immunomagnetic depletion using anti-CD19,
anti-CD11b, anti-Grl, anti-MHC-class II-Ia® as de-
scribed above. The DCs were irradiated (30 greys) then
added as stimulator cells in graded doses (10° —5x10%) in
96-well round-bottomed culture plates (Nunc, Rockilde,
Denmark) with 10° T cells per well. After 4 days of
incubation at 37°C in 5% CO,, cell proliferation re-
sponse was assessed by tritium-thymidine incorporation
during the last 18 h of culture. Tests were carried out in
triplicates and results expressed as mean counts per
minute (cpm + SD). The levels of * H-TdR uptake by
stimulator cells alone were constantly below 150 cpm.

Tumour antigen DC loading

The GL26 tumour cell suspension was adjusted to the
concentration of 15x10° cells/ml of PBS. The GL26 tu-
mour cell lysate was obtained by three cycles of freezing—
thawing, filtrated through a 0.20 um filter and stored at
—20°C until used. Day-6 cultured DCs were loaded with
tumour cell lysate at a ratio of three lysed tumour cells
for one DC, then incubated overnight at 37°C.

Vaccination with DCs

Day-7 cultured DCs, either unloaded or loaded overnight
with DC-Lysate, were collected, washed, and resus-
pended in PBS at a concentration of 10° cells/200 pl.
Animals (n = 5 per group) were vaccinated intraperito-
neally twice by injections of 10° DC-Lysate (gp DC-
Lysatex2) on days 14 and 7 before i.c. stereotactic tumour
implantation (day 0). Control groups (n = 5 per group)

were either injected with 200 ul of PBS (gp CTR), or with
tumour cell lysate alone (corresponding to 10° GL26 cells)
(gp Lysatex?2) or with unloaded DCs (gp DCx2) using the
same schedule. Mice were followed for survival and then
euthanised using previously described guidelines. Au-
topsy was performed systematically on each euthanised
mouse to confirm that brain tumour growth was
responsible for symptoms. Four experiments were carried
out using the same methodology to confirm the results.

Treatment of pre-established i.c. GL26 tumours
by i.p. injections of DC-Lysatex2

A total of 10° GL26 tumour cells were injected stereo-
tactically into the right frontal lobe (day 0). Mice were
treated on days 2 and 9 by i.p. injections of 10° DC-
Lysate, then followed for survival.

Treatment of pre-established i.c. GL26 tumours
by IV adoptive transfer of splenocytes
from vaccinated mice

Mice were vaccinated twice (once a week) with unloaded
DCs or with DCs loaded with tumour lysate. Seven days
after the Ilast vaccination, mice were euthanised,
splenocytes were harvested and pooled for each group of
mice (n = 5 per group). Red blood cells were removed
by hypotonic ammonium chloride osmotic chock, then
washed in PBS and counted. An adoptive transfert of
30x10° whole splenocytes/mouse was injected into the
tail vein of mice bearing a pre-established 6-day intra-
cranial GL26 tumour (i.c. implantation, day 0). This
transfer was followed by two i.p. injections with DC-
Lysate (day 8) and with tumour lysate (day 15). Mice
were followed for survival.

Modification of the vaccination schedule

We compared the protective effect of different protocols
using one (14 days before i.c. tumour implantation), two
(14 and 7 days before i.c. tumour implantation) or three
(14 and 7 days before and 30 days after i.c. tumour
implantation) i.p. injections of DC-Lysate. Lastly, we
studied the response to a simplified vaccine protocol
using DC-Lysate only for the priming (14 days before
i.c. tumour implantation) followed 7 days later by a
boost with tumour cell lysate alone corresponding to 10°
cells (DC-Lysate/Lysate group). Mice were followed for
survival as previously described. Experiments were re-
peated three times with the same methodology to con-
firm the results obtained. In one experiment, mice still
alive 8 months after i.c. tumour implantation were re-
challenged in the contralateral frontal lobe with 10°
GL26 cells, with or without previous i.p. recall with
tumour cell lysate 7 days before the second challenge.
Mice were followed for survival.



FACS flow cytometer analysis of splenocytes and
peripheral blood leukocytes (PBL) according to the
different schedules of vaccination and after IC tumour
implantation

In one experiment, naive mice or mice vaccinated (three
mice per group) with unloaded DC, DC-Lysatex2 and
DC-Lysate/Lysate were i.c. implanted with GL26 cells as
described previously (day 0). At day 14, mice were eu-
thanised to collect spleen and blood. Samples from all
mice in each group were pooled. Red blood cells were
removed by hypotonic osmotic chock. Splenocytes or
PBL were pre-incubated with 2.4G2 mAbs (rat anti-
mouse Fcy-RIII/IT receptor mAbs) for 10 min at 4°C to
block non-specific FcyR binding of labelled antibodies,
then incubated 30 min at 4°C with specific fluorescent
antibodies (from Becton-Dickinson) against CD4/
CD62L, CD8/CD62L, CD4/CD25, CD8/CD25, CD19,
DXS5 (for NK cells), CD11b/Grl, CDI11c¢/CD11b, for
FACS analysis. Isotype-matched mAbs were used in
parallel as negative controls. Flow cytometry acquisition
and analysis were performed on a FACScan flow cytom-
eter using CellQuestPro software (Becton-Dickinson).

In vitro cytotoxic assay

The cytolytic activity of splenocytes from naive or vac-
cinated groups of mice (three mice per group) was tested
in vitro against GL26 tumour cells in a standard >'CR
release assay. Mice were vaccinated, using DC-Lysate
for priming and DC-Lysate or lysate alone for boosting
7 days later. Single-cell suspensions of red blood cell-
depleted splenocytes from individual mice were har-
vested 7 days after the last vaccination and resuspended
in 10% FCS-RPMI 1640 medium at a concentration of
10°/ml, then transferred to 24-well plates. GL26 cells
were irradiated at 75 greys then added to the culture at a
concentration of 10°/ml in the presence of 20 UI/ml of
human IL-2 (Eurocetus, Amsterdam, The Netherlands).
Five days after culture initiation, cells were harvested
and pooled for each group. Activated splenocytes were
mixed with 10* GL26 or yIFN-treated GL26 targets la-
belled with °'CR, in 96-well round-bottomed plates at
different effector/target ratios (range from 0.1/1 to 40/1).
The >'CR-release in the supernatants was measured after
4 h of incubation at 37°C. All determinations were made
in triplicates and the percentage of lysis was calculated
using the following formula:

experimental cpm — spontaneous cpm
100 x 2P pm — °p pm

maximum cpm — spontaneous cpm

Determination of anti-GL26 humoral response

Mice were vaccinated twice by unloaded DCs, DC-
Lysate or with a prime-boost by DC-Lysate followed by
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a boost by tumour lysate alone at days 14 and 7 before
i.c. tumour implantation (Day 0). The detection of
antigen-specific antibodies against GL26 in the sera of
vaccinated mice was assessed 21 days and 3 months
after the first vaccination in the surviving mice. The
GL26 cells were incubated with serum dilutions (1/20)
from naive or vaccinated groups of mice (three mice per
group) for 30 min at 4°C, washed, then incubated with a
rat anti-mouse 1gG1x-FITC-conjugated antibody (Bec-
ton-Dickinson) and analysed on a FACS flow cytome-
ter. The GL26 cells incubated without serum but with
anti-mouse [gG1x-FITC-conjugated antibody were used
as negative control.

Complement-dependent cell cytotoxicity assay (CDC)

The ability of antigen-specific antibodies against GL26
found in the sera of surviving vaccinated mice at 90 days
was assessed for CDC. The CDC assay was based on
previous work [30] adapted by a new non-radioactive
flow cytometric PKH-26 assay [31]. The GL26 target
cells were stained with PKH-26 fluorescent dye (incu-
bation at 2 pM for 5 min in specific buffer; Sigma, MO,
USA) that was stably integrated into the cell membrane.
The GL26-labelled target cells were washed three times
and plated in a 96-well conic-bottom microplate at a
concentration of 10° cells/well and incubated with serum
dilutions (1/10, 1/20 and 1/40) from groups of naive or
vaccinated mice (pooled from three mice per group) for
30 min at 4°C. Low-Tox-M Rabbit complement at final
1/10 dilution (Cedarlan, Hornby, Canada) was added
and the plate was incubated for 18 h at 37°C in 5% CO,
incubator. Cells were washed in PBS, then resuspended
in high calcium annexin V-binding buffer and stained
with 5 pl annexin V-FITC (Becton Dickinson) for
10 min in the dark at room temperature . Annexin
V-FITC staining allowed to discriminate between
apoptotic and non-apoptotic target cells using FACS
analysis. Data analysis was performed by first gating on
PKH-26 positive target cells, followed by analysis of the
annexin V-FITC positive subpopulation. The percentage
of specific CDC in the PKH-26 gated GL26 cells was
calculated by subtracting unspecific annexin V-FITC
positive target cells (resulting from spontaneous
apoptosis during the 18 h of incubation), measured in
appropriate controls without serum and with Lox-Tox
Rabbit complement. This method correlates well with
standard >'Cr release assays [31].

Antibody-dependent cell cytotoxicity assay (ADCC)

The same serum that was used for CDC assay were also
tested for ADCC. This ADCC assay was also based on a
non-radioactive flow cytometric PKH-26 assay [30]. The
GL26 target cells were stained with PKH-26 fluorescent
dye as described above for the CDC assay. The GL26-
labelled target cells were plated in a 96-well conic-
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bottom microplate at a concentration of 10° cells/well
and incubated with serum dilutions (1/10, 1/20 and 1/40)
from groups of naive or vaccinated mice (pooled from
three mice per group) for 30 min at 4°C. Effector cells at
an E/T ratio of 20 were then added for ADCC. Effector
cells were peritoneal exudate cells obtained from the
peritoneal cavity of naive mice, 5 days after i.p. injection
of 1 ml of thioglycolate broth [30]. After 18 h of incu-
bation at 37°C in 5% CO,, cells were labelled with
Annexin-V as described for CDC, in the presence of an
anti-CD45-cyt antibody (Becton Dickinson) to exclude
apoptotic macrophages. Annexin V-FITC staining al-
lowed to discriminate between apoptotic and non-
apoptotic target cells using FACS analysis. Data anal-
ysis was performed by first gating on PKH-26 positive
target cells, followed by analysis of the annexin V-FITC
positive subpopulation with the exclusion of CD45-Cyt
positive cells. The percentage of cytotoxicity in the
PKH-26 gated cell population was calculated by sub-
tracting the percentage of spontaneous apoptosis of
GL26 during the 18 h incubation time, as measured in
appropriate controls incubated with effector cells but
without serum. This method correlates well with stan-
dard °'Cr release assays [31].

Statistical analysis

Survival and median survival were estimated using the
Kaplan and Meier method. A Wilcoxon’s log-rank test
was used to determine the statistical difference between
survival rates of mice in various experimental and con-
trol groups, using the SPSS 10.1 package SPSS 11.5.1
(SPSS 2002 Inc, Chigaco). A p value less than 0.05 was
considered significant.

Results
DC phenotype and functions

After 6 days of culture, 35-40% of the cells generated
from bone marrow progenitors cultured with mGM-
CSF, mIL4, and hFLT3-L were myeloid DCs, as as-
sessed by the co-expression of CD11c+ and CDI11b+.
They displayed a relative immature phenotype with
intermediate level of MHC class II expression and only
low expression of CD80 and CDS86 co-stimulatory
molecules, which allowed the up-take and the processing
of antigens (Fig. 1a). These culture conditions (FIt3-li-
gand for 3 days) have been reported to generate DCs
with very potent in vivo antitumour effect similar to that
obtained after CD40L stimulation [32]. The addition of
tumour cell lysate for 12 h did not alter their phenotype
and their capability to maturate in the presence of
‘danger signals’ such as ‘ribomunyl’ (ribosomal RNA
from bacteria) and yIFN, as shown by the upregulation
of co-stimulatory molecules CD80 and CD86 and
MHC-class IT molecules (Fig. 1a).

The functionality of day-7 DCs generated from
C57Bl6 mice H-2° was analysed in an MLR assay. As
shown in Fig. 1b, these DCs were highly efficient stim-
ulators for purified T cells from the spleen of Balb-c mice
(H-2%), even at the lowest ratio of 1/1000, thus demon-
strating their high antigen-presenting capacity. The DC
pulsed overnight with GL26 tumour cell lysate displayed
the same functionality.

Vaccination effect of two i.p. injections of DC-Lysate
against intracranial GL26 challenge

In order to define the antitumour efficacy of DCs loaded
with tumour lysate in the GL26 model, we first analysed
the protective effect of two i.p. injections of DC-Lysate
against lethal intracranial tumour challenge. Four suc-
cessive experiments were performed using the same
methodology; cumulative results are shown in Fig. 2.
Mice were either not vaccinated (gp CTR) or vaccinated
twice (days 14 and 7) with i.p. injections of unloaded DCs
(gp DCx2), tumour cell lysate (gp Lysatex2) or DCs
loaded with tumour lysate (gp DC-Lysatex2) before
intracranial tumour implantation (Day 0). The median
survival times of the CTR, unloaded DCx2 and Lysatex2
groups were similar: 25, 31, 24 days, respectively (no
statistical difference between groups). In contrast, in the
DC-Lysatex2 group, the median survival was strongly
enhanced to 87.5 days (p < 0.0001 compared to the CTR
group) and 50% of the animals were still alive 90 days
after brain tumour implantation. However, a delayed
tumour recurrence (after 3 months) was observed in 30%
of the mice who initially responded to treatment. Finally,
less than 20% of the animals were cured in 1 year.

Adoptive transfer of splenocytes from mice immunised
with DC-Lysatex2 has a curative effect against
pre-established intracranial GL26 tumours

The therapeutic effect of two injections of DC-Lysate
was then assessed against pre-established intracranial
GL26 tumours. No curative effect was observed after i.p.
injection of DC-Lysate, 2 and 9 days after i.c. tumour
implantation (data not shown). These negative results
may be attributed to the very rapid growing capacity of
GL26 tumours, which induced animal death in about
30 days and did not allow enough time for the induction
of an efficient immune response. To test this hypothesis,
we investigated the effect of adoptive transfer of
splenocytes from vaccinated mice. A significant curative
effect against day-6 pre-established intracranial tumours
was obtained after intravenous adoptive transfer of
30x10° splenocytes from mice vaccinated with DC-
Lysatex2. As shown in Fig. 3, 37.5% of mice transferred
with splenocytes from this group were cured, compared
to 0% for the CTR group transferred with splenocytes
from unvaccinated mice (mean survival of 44.5 days vs.
29 days, respectively; p = 0.0190).
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Fig. 1 In vitro generated DCs loaded or not with tumour cell lysate display the same phenotype with an intermediate level of maturation,
are able to maturate in response to ‘danger signals’ such as ribomunyl/yIFN and induce a strong proliferation of purified allogeneic T
cells. Bone marrow DCs were generated in vitro with Flt3-L, GM-CSF, and IL4 as described in ‘Materials and methods’. On day 6, DCs
were either not loaded (unloaded DC) or loaded overnight with GL26 tumour cell lysate (DC-Lysate). a Cell surface expression of MHC
Class II-Ia®, CD11¢/CD11b, CD80, and CD86 of unloaded DCs, DC-Lysate, and DC-Lysate incubated for 6 h with ribomunyl and yIFN.
Myeloid DCs were defined as double-positive CD11c+/CDI11b+ cells representing 30-40% of loosely adherent harvested cells. b
Functionality of unloaded DCs (open circle) and DC-Lysate (filled square) was tested in an MLR assay. Graded numbers of DCs (0, 10°,
5%10%, 10* and 5x10*) were coincubated with a fixed number of allogeneic purified T cells (10° T cells from Balb-c mice) for 4 days at 37°C,
followed by 18 h pulse with [> H] thymidine. The DCs alone did not yield counts greater than the background obtained with T cells alone
(fewer than 150 cpm). Average > H-thymidine uptakes, expressed in cpm, are shown for each DCs/T ratio. Error bars represent the SD of
triplicate values. Results are representative of two independent experiments

Modification of the vaccination schedule
and of the nature of the second boost to improve
long-term survival

To improve long-term survival and avoid late tumour
relapse, we tested the efficiency of multiple DC-Lysate
injections and also investigated the effect of a prime/
boost protocol using DC-Lysate for priming and tu-
mour cell lysate alone for boosting. Cumulative results
of three independent experiments using the same meth-
odology are presented (Fig. 4). Interestingly, the vacci-
nation with one (day-14), two (days-7 and 14) or three
(day-14, day-7, and day +30) i.p. injections gave similar
results in terms of survival (mean survival: 63, 60 and
63 days, respectively). In contrast, survival was dra-
matically improved in the group of mice vaccinated with

DC-Lysate (day 14) and boosted with tumour cell lysate
alone (day 7) (DC-Lysate/Lysate), compared to the
reference  group DC-Lysatex2 (mean survival:
> 105 days vs. 60 days; p < 0.0001). In the DC-Lysate/
Lysate group, 87.5 % of the mice were still alive
3 months post challenge and 67.5% were cured with a
follow-up of 7 months, compared to 20% and 8% at 3
and 7 months in the reference group DC-Lysatex2
(Fig. 4).

We analysed the long-term memory of the antitu-
mour immune response induced by such prime/boost
vaccination in one experiment. Cured mice were chal-
lenged a second time by implantation of tumour cells in
the contralateral frontal lobe, 8 months after the first i.c.
tumour challenge. One group of cured mice (n = 7) was
directly rechallenged, whereas one group (n = 6) was
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Fig. 2 Vaccination twice by A
DCs loaded with tumour lysate
significantly prolonged median
survival and cured 20% of
animals. However, late deaths
from tumour relapse after

3 months were observed. a
Mice were not vaccinated (gp
CTR) or intraperitoneally
vaccinated twice (days 14 and 7)
with unloaded DCs (gp DCx2),
with tumour cell lysate (gp B
Lysatex2) or DCs loaded with
tumour lysate (gp DC-
Lysatex2) before intracranial
implantation of 10° GL26
tumour cells (day 0). The mice
were then followed for survival
using the ethical guidelines
described in materials and
methods. b Survival curve
represents the cumulative
results of four experiments
using the same methodology
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first injected with i.p. GL26 lysate 7 days before the
second tumour challenge to recall antitumour immune
memory. All the mice from these two responding groups
equally survived the second i.c. challenge, compared to
none of the mice from a control group (naive mice of the
same age) (Fig. 5). These results suggest that the initial
antitumour response induced by DC-Lysate priming
followed by lysate boost generated long-lasting antitu-
mour immune response, and that animals did not need
further peripheral recall to reject subsequent tumour
challenge.

The protective effect of DC-Lysate/Lysate vaccination
was T cell mediated

FACS phenotype analysis of spleen and peripheral blood
samples following different vaccination schedules

In order to have a better understanding of the mecha-
nism responsible for survival improvement in the DC-
Lysate/Lysate group, splenocytes and PBL of mice
unvaccinated and vaccinated by unloaded DCs, DC-
Lysatex2 and DC-Lysate/Lysate were analysed on a

FACS flow cytometer after i.c. tumour
implantation.

In the spleen, no significant difference in the percent-
age of cells (T, B lymphocytes, NK cells and Monocytes-
Macrophages) was observed (data not shown). However,
the total number of cells counted in each spleen sample
greatly increased following vaccination, with a higher
number for the DC-Lysate/Lysate group (respectively,
24.5%10° cells for naive mice; 17.5x10° for CTR mice
bearing tumour; 35.5x10° for the unloaded-DC group;
48x10° for the DC-Lysatex2 group, and 68x10° for the
DC-Lysate/Lysate group). These results demonstrate a
global stimulation of the immune system, especially in
the DC-Lysate/Lysate group.

In the PBL (Fig. 6a), no difference was observed in
the percentage of NK and B lymphocytes between the
different groups. No modification of regulatory T cells
defined as CD4+ /CD25+ T lymphocytes was noted. In
contrast, an increase of the memory pool of T helper
lymphocytes defined as CD4+ /CD62L—was observed
in the vaccinated groups. The pool of memory CD8+/
CDO62L-T lymphocytes increased only in the DC-Lysate/
Lysate group. The DC-Lysate/Lysate protocol thus in-
duced a better T-cell response.

14 days
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Fig. 3 Adoptive transfer of splenocytes from mice immunized by double DC-Lysate vaccination cured pre-established i.c. tumours in
37.5% of animals. a Study design: mice were vaccinated twice (once a week) with unloaded DCs or with DCs loaded with tumour lysate.
Seven days after the last vaccination, mice were euthanized, splenocytes were harvested and pooled for each group of mice. An adoptive
transfer of 30x10° whole splenocytes/mouse was injected into the tail vein of mice bearing a pre-established 6-day intracranial GL26
tumour (i.c. implantation, day 0). This transfer was followed by two i.p. injections with DC-Lysate (day 8) and with tumour lysate (day
15). b Survival curve of mice bearing 6-day i.c. tumours after adoptive transfer of splenocytes from vaccinated mice. One-third of animals
bearing i.c. tumours treated with splenocytes from vaccinated mice by DC lysate were cured

Cytotoxic assay

A cytotoxic assay was performed in order to demon-
strate that our vaccination approach generated a specific
CTL antitumour response. Splenocytes from mice vac-
cinated using the DC-Lysatex2 or DC-Lysate/Lysate
protocols were restimulated in vitro on irradiated GL26
with low-dose IL-2, then tested for cytotoxic activity
against GL26 cells pre-treated with yIFN to increase the
expression of MHC class I molecules. Splenocytes from
vaccinated mice specifically lysed 57% (group DC-
Lysatex2) and 62% (group DC-Lysate/Lysate) of yIFN
pre-treated GL26 targets (at E/T ratio of 40) (Fig. 6b).
These splenocytes were also able to lyse parental GL26
cells, though with a lower efficiency, demonstrating the
implication of CD8 + T cells: 38% for the DC-Lysatex2
group versus 44% for the DC-Lysate/Lysate group at E/
T = 40 (data not shown). This cytotoxicity was not NK-
mediated, as demonstrated by the absence of lysis of
NK-sensitive YAC-1 murine target (data not shown).
Moreover, the percentages of NK cells in the different
groups were found identical in the brain tumour, in the
spleen and in the PBL (FACS analysis 14 days after i.c.
tumour implantation; for brain tumours: enzymatic

digestion with collagenase, DNase and hyaluronidase
was done before antibodies labelling and FACS analysis;
data not shown).

The implication of T cells as antitumour effectors was
also indirectly confirmed in vivo by the absence of
protection against i.c. The GL26 challenge when using
the DC-Lysate vaccination in nude mice (data not
shown).

A specific humoral response was induced only
by DC-Lysate/Lysate vaccination

To evaluate the ability of the different vaccine protocols
to induce an in vivo humoral response, specific mouse
antibodies against GL26 were searched in the serum of
mice vaccinated with unloaded-DCx2, DC-Lysatex2 or
DC-Lysate/Lysate, as described in Materials and meth-
ods. The data in Fig. 7a show that in vivo vaccination
with DC-Lysate/Lysate prime/boost protocol induced a
strong humoral response specific for GL26, whereas
DC-Lysatex2 produced no specific antibodies. The hu-
moral response observed in the DC-Lysate/Lysate group
was detected 21 days and 3 months post priming.
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Fig. 4 Vaccination with DC-Lysate followed by a boost with tumour lysate alone dramatically increases the long-term survival of mice.
C57BI/6 mice were vaccinated intraperitoneally either by one (14 days before tumour implantation: gp DC-Lysatex1), two (14 and 7 days
before tumour implantation: gp DC-Lysatex2) or three (14, 7 days before and 30 days after tumour implantation: gp DC-Lysatex3) i.p.
injections of DCs loaded with tumour lysate. One group was vaccinated with DC-Lysate for the priming (day 14) and with tumour cell
lysate only for the boost (day 7) (gp DC-Lysate/Lysate). Cumulative results of three independent experiments conducted with the same
methodology are shown. A 67.5% of animals in the DC-Lysate/Lysate group were considered as cured compared to 8% in the reference
group DC-Lysatex2 (median survival of the DC-Lysate/Lysate group > 105 days vs. 60 days for the DC-Lysatex2 group; p < 0.0001,

Log-rank test)

Specific GL26 antibodies found in the DC-Lysate/
Lysate group induced lysis of tumor cells by CDC
and not by macrophage-mediated ADCC

Antibodies can mediate tumour cell lysis by two mech-
anisms CDC or ADCC. The ADCC assays using thio-
glycolate activated macrophages as effectors and CDC
assays were performed in our model using serum from
the different of vaccinated groups. Whatever the dilution
used for the test, no macrophage-mediated ADCC was
observed (Fig. 7b, left). No significant CDC was noted
in the DC-Lysatex2 group (17.2% as in control groups)
but the antibodies found in the sera of the DC-Lysate/
Lysate group mediated a 31.6% specific complement cell
lysis (48.8% of total lysis-17.2% of aspecific lysis)
(Fig. 7b, right). These specific GL26 antibodies are thus
considered to contribute to a better antitumour immune
response via a CDC mechanism.

Discussion

The Dendritic cell immunotherapy for inducing specific
immunity against tumour has shown promising activity
in both preclinical models and clinical observations.

However, recent reports indicate that the efficacy of the
induction or the maintenance of antitumour immune
responses need to be improved before maximal effects
can be achieved [33]. The aim of the present study was
to define the most effective way to deliver DC immu-
notherapy in a preclinical orthotopic murine glioma
model (GL26). Tumour cell lysate was chosen to pulse
DCs because of the relative paucity of well-defined
glioma-associated antigens. The use of tumour cell ly-
sate may also provide both classes I and II epitopes and
prevent immune evasion by tumour clones. Peripheral
vaccination with ex vivo generated DCs was chosen to
overcome the intratumoral immunosuppressive context.
The i.p. route was chosen for comparison with other
major glioma preclinical studies [19, 20, 23] and also to
induce a systemic immune response able to reach the
brain.

We investigated first the vaccination effect of two IP
injections of DCs loaded with tumour cell lysate (DC-
Lysatex2) before IC implantation of GL26 tumour cells.
A strongly increased median survival was observed, with
50% of surviving animals at 90 days in the DC-Lysatex2
group, compared to 0% in the control groups (unvac-
cinated or vaccinated by unloaded DCs or tumour lysate
alone). The results of experiments of nude mice showed
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no protection (data not shown) and the results of cyto-
toxic assays indicated the involvement of T cells in the
antitumour effect. No curative effect was observed when
animals were treated on days 2 and 9 after GL26 cells i.c.
injection (data not shown). This was probably due to a
too fast tumour growth preventing the initiation of an
adaptive immune response. This hypothesis was con-
firmed by the results of adoptive transfer experiments
allowing the cure of 37.5% mice bearing 6-day tumours.
Those data are in agreement with previous findings ob-
tained in the glioma model using DC vaccination,
reporting 50-75% of surviving animals at 2 or 3 months
post intracranial challenge [18, 20, 21]. All vaccination
protocols used multiple DC injections for immune
stimulation and had a short follow-up (no more than
3 months compared to 1 year in the present study).
Interestingly, we report for the first time that some
animals initially responding to DC-Lysatex2 vaccination
later developed a lethal intracranial tumour, with less
than 20% of animals ultimately cured. No sign of
autoimmune disease against normal brain was observed,
and late deaths were always associated with intracranial
tumour recurrence. Late relapses might result from the
immune selection of GL26 clones resistant to CTL lysis
or from the loss of long-term immune memory. No
down-regulation of MHC-class I molecules was ob-
served on recurrent tumours (same level of expression on

--+--DC Lysate/Lysate (n=20)

parental GL26 cell line, on primary untreated tumours
and on late recurring tumours; data not shown).

Several options can be considered to improve DC
antitumour activity: the increase of DC maturity (with
yIFN and ‘ribomunyl’), the addition of helper signal
(keyhole limpet hemocyanin, used KLH as an immu-
nogenic carrier protein to elicit T cell help) or adjuvant
cytokines (IL-2) [34, 35]. Such strategies were assessed in
our model without any improvement on the long-term
survival of mice (data not shown).

Finally, we investigated in our model the number of
DC-Lysate injections as well as the nature of the vaccine
used for the second boost. Surprisingly, the vaccination
effect of one, two or three DC-Lysate injections gave
similar results (mean survival around 60 days, compared
to 25 days for the CTR group). In contrast, a vaccine
schedule using DC-Lysate for the priming followed by
tumour lysate only for the boost (DC-Lysate/Lysate)
was dramatically beneficial for long-term survival (mean
survival >105 days with 67.5% of animals cured at
7 months compared to a mean survival of 60 days and
only 8% of cured mice with the DC-Lysatex2 protocol).
Furthermore, all cured animals were protected against a
second contralateral i.c. tumour challenge performed
several months after the first one, thus demonstrating
the persistence of long-term antitumour immune mem-
ory response.
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Fig. 6 DC-Lysatex2 and DC-Lysate/Lysate vaccine protocols both induce cytotoxic activity against GL26. a FACS analysis of PBL
performed 14 days after i.c. GL26 implantation. Naive mice and mice vaccinated by unloaded DC, DC-Lysatex2 and DC-Lysate/Lysate
(n = 3 per group) were implanted i.c. at day 0 with 10° GL26 cells. 14 days later, mice were euthanized and blood samples collected for
FACS analysis as described in the ‘Materials and methods’. The only difference observed is a better response for CD4 + helper memory T
cell and CD8 + memory T cell in the DC-Lysate/Lysate group compared to the DC-Lysatex2 group. b Cytolytic activity against GL26
tumour cells by vaccination with DC-Lysate/Lysate or DC-Lysatex2. Splenocytes from naive mice (- -) or mice vaccinated with DC-
Lysatex2 (open circle) or with DC-Lysate/Lysate (filled square) were harvested 7 days after the last vaccination and restimulated for 5 days
on irradiated GL26 with low-dose IL-2 as described in ‘Materials and methods’. These effector cells were then tested for their ability to
lyse pIFN-treated GL26 targets labelled with °'CR. The >'CR-release in the supernatants was measured after 4 h of incubation at 37°C at
different E/T ratios. All determinations were made in triplicates. Representative results from two independent experiments are shown.
Both vaccine protocols induced cytolytic activity against GL26 cells

To our knowledge, this study represents the first
in vivo evidence that multiple DC injections are not an
efficient option to obtain optimal long-term antitumour
immunity. Several explanations can be provided.

The cellular immune response is improved in the DC-
Lysate/Lysate group. In our model, PBL analysis
according to the vaccination schedule clearly showed a
better CD4+ helper T-cell response associated with a
better CD8 + T-cell response in the DC-Lysate/Lysate
group as compared to the DC-Lysatex2 group (Fig. 6a).
As show in Fig. 6b, a stronger cytotoxic activity against
GL26 was observed in the DC-Lysate/Lysate group.
This was also observed in vitro by Kurokawa using PBL
from patients with renal cell carcinoma who reports a
clonal expansion of tumour-specific CD8+ CTL only
after sequential stimulation with DC-Lysate followed by
tumour cells alone [36].

In addition to cellular immunity, generation of spe-
cific antibodies may also contribute to the regression of
some cancers [37]. Antibodies against oncogenic proteins
or growth factors could have direct antitumour efficacy.
Antibodies can also mediate tumour cell killing through
antibody-dependent cell-mediated cytotoxicity (ADCC)
or through complement activation (CDC) [38]. Inter-
estingly, only the DC-Lysate/Lysate protocol induced
the generation of a humoral response with GL26-specific
IgG1l antibodies in the sera of mice (as shown in
Fig. 7a). Similarly, Sornasse et al. have reported that a
priming with antigen-pulsed-DCs followed by a boost
with soluble antigens can efficiently induce a humoral
antitumour response in vivo [39]. In our model, CDC
(Fig. 7b) was the mechanism of cell toxicity for the
GL26 antibodies observed in the DC-Lysate/Lysate
group. Using peritoneal exudate consisting mostly of
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Fig. 7 Only the DC-Lysate/Lysate protocol induces a specific humoral response mediating tumour lysis through Complement-Dependent
Cytotoxicity. a Specific humoral response induced by DC-Lysate/Lysate vaccination only. Mice were vaccinated twice by unloaded DCs,
DC-Lysate or with a priming by DC-Lysate followed by a boost with tumour lysate alone at days 14 and 7 before i.c. tumour implantation
(Day 0). At days 21 and 90, specific mouse antibodies against GL26 were examined in the sera of mice vaccinated with unloaded-DCx2,
DC-Lysatex2 or DC-Lysate/Lysate by incubation of serum dilutions (1/20) on GL26 cells. The specific binding of antibodies on GL26
cells was detected by FACS analysis after incubation with a secondary anti-mouse IgG1-FITC conjugated antibody. The in vivo
vaccination with the DC-Lysate/Lysate prime/boost protocol induced a humoral response specific for GL26, detectable 21 days after the
priming (the variation of mean fluorescence intensity (MFI) compared to unloaded-DC CTR was 18.1), whereas DC-Lysatex2 vaccine
produced no specific antibodies (no difference of MFI compared to unloaded DC CTR). This humoral response observed in the DC-
Lysate/Lysate group remained detectable 3 months post priming (variation of MFI compared to unloaded-DCx2 CTR was 42.3). b
Specific anti-GL26 antibodies contribute to antitumour response through CDC and not through macrophage-mediated ADCC. Naive
mice and mice vaccinated by unloaded DCs, DC-Lysatex2, and DC-Lysate/Lysate were implanted i.c. with GL26 tumour cells (day 0). At
day 90, blood samples were collected and ADCC and CDC assays were performed as described in ‘Materials and methods’ to study the
mechanism of GL26 antibody toxicity. In the DC-Lysate/Lysate group, a 48.8% GL26 cell lysis (corresponding to 31.6% of specific lysis)
was observed in the CDC assay compared to 17.2% of non-specific lysis in the CTR groups. No ADCC was observed

macrophages and low level of NK cells, we observed no The number of injections for DC immunotherapy

ADCC (Fig. 7b). These results demonstrate that mac-
rophage-mediated ADCC was not the mechanism o f
tumour cytolysis, however NK cell mediated-ADCC
cannot be ruled out. These antibodies, shown to be still
present at 90 days, could explain the improvement of the
long-term survival of the DC-Lysate/Lysate group
associated with a better CTL response.

remains under debate. Interestingly in our model, DC-
Lysatex1, DC-Lysatex2, and DC-Lysatex3 median sur-
vival times were identical, indicating that only the first
DC injection was effective. In the study by Kurokawa
mentioned above, multiple in vitro stimulations with
DC-Lysate led to a predominant CD4 + T-cell response
[36]. Chakraborty has also described in vitro the emer-
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gence of regulatory CD4+ T cells in response to
repetitive stimulation with DCs loaded with melanoma
lysate. These CD4+ T cells have a Th2 phenotype, se-
crete large amounts of 1L4 and IL10 and block the
activation of T lymphocytes [40]. In our model, no in-
crease of CD4+ /CD25+ regulatory T-cell level was
noted in PBL or splenocytes of mice vaccinated with
repetitive DC-Lysate injections. Frequent injections of
DC-Lysate may be also detrimental by causing the
activation-induced cell death of recently activated T cells
[41]. Conversely, antigen-specific primed CD8+ T cells
are capable to eliminate antigen-loaded DCs. This
mechanism may serve as a negative feedback to limit the
activity of DCs within the lymph nodes. A second
injection with tumour lysate alone may implicate cross
priming by host DCs which processed and presented
tumour antigens, but at a lower density compared to in
vitro-loaded DCs. Therefore, host DCs should be
cleared less rapidly by recently activated CTL. Finally,
DC reinjection can take place during the memory phase
when T lymphocytes must be strongly stimulated to
become operative (i.e. at 2 months from priming) [42].

Most ongoing immunotherapeutic protocols use
multiple rounds of DC vaccination at fairly short
intervals [15, 17, 22, 24, 43-46]. These clinical trials have
demonstrated the feasibility and the safety of DC-based
vaccination but have yielded only few clinical responses
[47]. Despite the availability of very sensitive techniques
for the immunomonitoring of vaccinated patients (i.e.
ELISPOT and peptide-MHC tetramer staining), im-
mune responses have been weak and their durability has
not been clearly established. Taken together, our
experimental data indicate that if DCs loaded with tu-
mour lysate are essential for the priming, they are less
effective than tumour cell lysate alone for boosting the
antitumour immune response and for inducing long-
term immune memory. This may be of importance for
the design of clinical trials in order to reach the full
potential of DC-based immunotherapy.
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